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ABSTRACT 
 
These studies were conducted to improve the understanding of the genetic regulation and 
biochemical pathways utilized by the rumen bacteria, Ruminococcus albus 8 and Prevotella 
ruminicola 23 during growth on, and metabolism of, different nitrogen sources.  
Both R. albus 8 and P. ruminicola 23 were grown using different nitrogen sources; 
ammonia, urea, or peptides for R. albus 8 and ammonia or peptides for P. ruminicola 23 as the 
sole nitrogen source. Gene expression levels and enzyme activities were analyzed by RT-qPCR, 
and enzyme assays, as well as microarray and proteomic analyses for P. ruminicola. The results 
varied according to nitrogen source and also by growth phase. For R. albus 8 growth on 
ammonia or urea led to the synthesis of glutamate from ammonia by the NADPH-dependent 
glutamate dehydrogenase (NADPH-GDH). This glutamate was then transformed to glutamine by 
glutamine synthetase (GS). The later transformation was especially evident during early log 
phase, while the further transformation from glutamate to α-ketoglutarate by the up-regulated 
NADH-dependent glutamate dehydrogenase (NADH-GDH) was more evident during late 
exponential phase. During this phase an ammonium transporter was also up-regulated, 
apparently as an attempt to enhance ammonia uptake from the medium as the ammonia 
concentration became low (< 1 mM).  
Three different types of GS from P. ruminicola 23 were heterologously expressed in E. 
coli and characterized. Two different GS type III proteins (GSIII-1; ORFB01459 and GSIII-2; 
ORFB02034) showed GS biosynthetic activities, while no GSI biosynthetic activity was detected. 
We have defined the optimal conditions for enzymatic activity and these were found to be 
consistent with the parameters of the rumen habitat of P. ruminicola 23. Finally, we analyzed the 
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effects on transcription and assayed key enzymatic activities on limiting (0.7 mM) and non-
limiting (10 mM) concentrations of ammonia during growth in chemostat culture. These studies 
revealed an important role for GSIII-2 (ORFB02034) in P. ruminicola 23 when ammonia was 
excess.  
Changes in the global gene expression profile of P. ruminicola 23 in response to 
variations in the available nitrogen source (ammonia or peptides) were analyzed by microarray 
and related to changes in enzymatic activity and the proteome. In total, 110 genes (3.8% of the 
genome) were transcriptionally upregulated during growth on ammonia, while 120 genes (4.2 % 
of the genome) were transcriptionally upregulated during growth on peptides. P. ruminicola 23 
grown on ammonia induced genes which are predicted to be involved in amino acid biosynthesis, 
molecular transport and several that affect the cell envelope. Growth on peptides induced genes 
whose products are involved in DNA metabolism, protein fate, protein synthesis and 
transcription. GS-GOGAT (GSIII-2: 22.5, GOGAT large subunit: 26.3, and small subunit: 22.4 
fold) pathways was also upregulated when grown on ammonia. The greatest transcriptional up-
regulation was observed for the ammonium transporter, amt (47.0 fold) and the nitrogen 
regulatory protein PII (46.5 fold) during growth with ammonia. In contrast, growth on peptides 
resulted in the up-regulation of more than 17 ribosomal proteins but no up-regulation of other 
nitrogen metabolism pathways. Our results provide a whole genome transcriptional overview of 
the responses by P. ruminicola 23 to two different nitrogen sources and are supported by 
proteomic and biochemical evidence. Collectively leading to an overall improvement in the 
understanding of the genetic responses and biochemical pathways used by P. ruminicola 23 to 
obtain and utilize different nitrogen sources. 
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The response of P. ruminicola 23 to growth-limiting or non-limiting concentrations of 
ammonia were analyzed by microarray and related to changes in enzymatic activity. The results 
demonstrated dramatic changes in gene expression and enzymatic activity between the two 
conditions. In total, 166 genes (5.8% of the genome) were transcriptionally upregulated during 
growth on non-limiting concentration of ammonia, while 287 genes (10.0% of the genome) 
transcriptionally upregulated during growth on limiting concentration of ammonia. Specifically, 
growth in non-limiting concentrations of ammonia induced genes involved in amino acid 
biosynthesis, while ammonia limiting conditions caused the induction of genes involved in DNA 
metabolism, protein fate and the manipulation of the cell envelope. Links were observed between 
carbohydrate and nitrogen metabolism, such as between the reverse TCA cycle and glutamate 
biosynthesis during growth on non-limiting concentration of ammonia. Interestingly, P. 
ruminicola 23 grown on ammonia showed that ammonia assimilation pathways of NADPH-
GDH and GS-GOGAT are major metabolic pathways on non-limiting concentration of ammonia. 
Especially, GSIII-2 and the ammonium transporter were significantly up-regulated on ammonia 
and these gene expression results reflected the enzyme assay results. 
Our studies provide a more detailed understanding of the genetic and enzymatic 
regulatory mechanisms of nitrogen metabolism undertaken by R. albus 8, a key fiber degrading 
ruminal Firmicute, and P. ruminicola 23, a predominant ruminal organism important in 
hemicellulose and protein metabolism. 
 
 
 
 
 
 
v 
 
 
 
 
 
 
 
 
 
 
 
 
To my beloved wife and daughter 
 
 
 
 
 
 
 
 
 
 
 
vi 
 
ACKNOWLEDGEMENTS 
 
This work would not have been possible without the wisdom and guidance from my 
thesis advisor Dr. Roderick Mackie. I thank my advisor, Dr. Mackie, for his invaluable guidance, 
great ideas, great patience and his support throughout the course of my research. Dr. Mackie 
always provided me with everything I needed to complete my research and wonderful 
opportunity as a scientist.  
I am also grateful for the mentoring I have received from Dr. Isaac Cann provided 
excellent advice and expertise especially for protein purification and characterization. I am also 
grateful for the mentoring I have received from Dr. Bryan White. I would also like to thank my 
committee members, Dr. Bruce Fouke and Dr. Juan Loor for their time and interest in my work.  
I appreciate to my colleagues and friends from and beyond the Department of Animal 
Sciences for their help and friendship. Thanks to Dr. Anthony Yannarell for his guidance and 
support. Special thanks also to Dr. Carl Yeoman for being a good friend, for his guidance, and 
for scientific discussion.  Other members of the lab were also greatly appreciated along the way. 
Thank to former graduate student Dr. Li-jung Lin and current graduate students Raymond 
Morales and Emily Wheeler for their help and kindness. I also thank to my friends for their 
support and friendship: Dr. Seongwon Seo, Dr. Dong yong Kil, and Min Ho Song.     
Finally, I would like to thank to my family for their support. Thanks, Jihye, for your 
patience and encouragement this long process with me. I want to thank my parents, parents-in-
law, sister, and sisters-in-law for all their support. I would also like to thank my daughter, Yaerin, 
for her adorable smile, sweet kiss, and love.  
 
vii 
 
TABLE OF CONTENTS 
 
LIST OF FIGURES  ...................................................................................................................... ix 
LIST OF TABLES  ....................................................................................................................... xii 
 
CHAPTER 1. LITERATURE REVIEW .........................................................................................1 
   INTRODUCTION ........................................................................................................................1 
   DEGRADATION OF PROTEIN IN THE RUMEN ................................................................... 2 
   PROTEIN SYNTHESIS IN THE RUMEN ................................................................................. 6 
   AMMONIA AND UREA ASSIMILATION IN THE RUMEN ................................................. 6 
   GLUTAMATE DEHYDROGENASE ........................................................................................ 8 
   GLUTAMINE SYNTHETASE ................................................................................................... 9 
   GLUTAMATE SYNTHASE ..................................................................................................... 11 
   PHENOTYPIC DESCRIPTION OF THE TWO STUDY ORGANISMS: Prevotella 
ruminicola AND Ruminococcus albus ...................................................................................... 12 
   Prevotella ruminicola ................................................................................................................ 12 
   Ruminococcus albus................................................................................................................... 13 
   PROSPECTS FOR RESEARCH ............................................................................................... 14 
   REFERENCES .......................................................................................................................... 21 
 
CHAPTER 2. Effect of Nitrogen Source on Gene Expression and Enzyme Activity in 
Ruminococcus albus 8.................................................................................................................32 
   ABSTRACT ................................................................................................................................32 
   INTRODUCTION ..................................................................................................................... 33 
   MATERIALS AND METHODS ............................................................................................... 35 
   RESULTS .................................................................................................................................. 40 
   DISCUSSION ............................................................................................................................ 48 
   REFERENCES .......................................................................................................................... 70 
    
CHAPTER 3. Purification, Characterization, and Expression of Multiple Glutamine Synthetases 
from Prevotella ruminicola 23....................................................................................................76 
   ABSTRACT ................................................................................................................................76 
   INTRODUCTION ..................................................................................................................... 77 
   MATERIALS AND METHODS ............................................................................................... 78 
viii 
 
   RESULTS .................................................................................................................................. 86 
   DISCUSSION ............................................................................................................................ 90 
   REFERENCES ........................................................................................................................ 115 
 
CHAPTER 4. Comparative transcriptional profiling of Prevotella ruminicola 23 during growth 
on ammonia and peptides..........................................................................................................121 
   ABSTRACT ..............................................................................................................................121 
   INTRODUCTION ................................................................................................................... 122 
   MATERIALS AND METHODS ............................................................................................. 123 
   RESULTS ................................................................................................................................ 130 
   DISCUSSION .......................................................................................................................... 134 
   REFERENCES ........................................................................................................................ 155 
 
 
CHAPTER 5. Comparative transcriptional profiling of Prevotella ruminicola 23 during growth 
on ammonia ...............................................................................................................................160 
   ABSTRACT ..............................................................................................................................160 
   INTRODUCTION ................................................................................................................... 161 
   MATERIALS AND METHODS ............................................................................................. 162 
   RESULTS ................................................................................................................................ 167 
   DISCUSSION .......................................................................................................................... 177 
   REFERENCES ........................................................................................................................ 196 
 
CHAPTER 6. CONCLUSIONS  .................................................................................................200 
 
APPENDIX A ..............................................................................................................................205 
APPENDIX B ..............................................................................................................................208 
APPENDIX C ..............................................................................................................................209 
APPENDIX D ..............................................................................................................................210 
APPENDIX E ..............................................................................................................................212 
APPENDIX F...............................................................................................................................213 
APPENDIX G ..............................................................................................................................214 
APPENDIX H ..............................................................................................................................219 
 
VITA ............................................................................................................................................227 
 
ix 
 
LIST OF FIGURES 
 
CHAPTER 1 
 
FIGURE 1.1. Flow of N (g day
-1
) in the rumen of sheep receiving a Lucerne-chaff diet  ............16 
FIGURE 1.2. Protein degradation and utilization in the rumen bacteria ...................................... 17 
FIGURE 1.3. GS biosynthetic mechanism ................................................................................... 18 
FIGURE 1.4. Conserved regions within families and across the entire GS superfamily ............. 19 
FIGURE 1.5. Schematic model for regulation of glutamine synthetase in response to nitrogen     
status .......................................................................................................................................... 20 
    
CHAPTER 2 
 
FIGURE 2.1. Growth of R. albus 8 on different nitrogen sources: ammonium sulfate, urea, 
peptides, or ammonium sulfate plus peptides ................................................................................54 
FIGURE 2.2. Time course measurement of residual nitrogen source concentration and growth of 
R. albus 8 on different nitrogen sources and concentration ....................................................... 55 
 FIGURE 2.3. Interactions that determine co-regulation among internal control genes (ICG) from 
four microarray experiments ...................................................................................................... 56 
FIGURE 2.4. Average stability of expression ratio values (M = gene stability measure) of 
remaining genes tested during pairwise comparison ................................................................. 57 
FIGURE 2.5. Determination of the optimal number of control genes for normalization ............. 58 
FIGURE 2.6. Relative expression levels of selected genes important in ammonia assimilation 
and nitrogen metabolism in R. albus 8 grown on different nitrogen sources at early, mid, and 
late log growth phases ................................................................................................................ 59 
FIGURE 2.7. Integration of gene expression, enzyme activity, and residual substrate (ammonia 
or amino acids from peptides) concentration of R. albus 8 grown on ammonia or peptides using 
Principle Component Analysis .................................................................................................. 60 
FIGURE 2.8. Integration of gene expression, enzyme activity, and residual substrate (ammonia 
and urea) concentration of R. albus 8 grown on urea using Principle Component Analysis .... 61 
FIGURE 2.9. Integration of gene expression, enzyme activity, and residual substrate (ammonia 
and urea) concentration of R. albus 8 grown on ammonia, urea, or peptides using Principle 
Component Analysis .................................................................................................................. 62 
FIGURE 2.10. Proposed nitrogen regulation model for growth of R. albus 8 on A) ammonia at 
early and late log phases or B) peptides at early and late log phases ........................................ 63 
FIGURE 2.11. Proposed nitrogen regulation model for growth of R. albus 8 on urea at early and 
late log phases ............................................................................................................................ 64 
x 
 
 
CHAPTER 3 
 
FIGURE 3.1. Amino acid sequence alignment of biochemically characterized GSI protein........94 
FIGURE 3.2. Amino acid sequence alignment of biochemically characterized GSIII proteins .. 95 
FIGURE 3.3. Unrooted phylogenetic tree of GS type I, II, and III proteins based on ClustalX .. 96 
FIGURE 3.4. 16S rRNA based phylogenetic relationships among organisms used for 
phylogenetic analysis of GS proteins in this study .................................................................... 97 
FIGURE 3.5. Gene maps of GS type I and two GS type III proteins in P. ruminicola 23. 
Annotation based on P. ruminicola 23 genome database .......................................................... 98 
FIGURE 3.6. Purification of P.  ruminicola 23 GS expressed in E. coli BL 21-CodonPlus (DE3) 
RIL ............................................................................................................................................. 99 
FIGURE 3.7. Size exclusion chromatography of the P. ruminicola 23 GSIII-1 ........................ 100 
FIGURE 3.8. Size exclusion chromatography of the P. ruminicola 23 GSIII-2 ........................ 101 
FIGURE 3.9. Optimization of GS activity of P. ruminicola 23 using γ-transferase assay ........ 102 
FIGURE 3.10. Optimization of GS activity of P. ruminicola 23 using biosynthetic assay ....... 103 
FIGURE 3.11. The effect of P. ruminicola 23 GS I on ATP hydrolysis .................................... 104 
FIGURE 3.12. The effect of P. ruminicola 23 GS III-1 on ATP hydrolysis .............................. 105 
FIGURE 3.13. The effect of P. ruminicola 23 GS III-2 on ATP hydrolysis .............................. 106 
FIGURE 3.14. GS biosynthetic activity of P. ruminicola 23 on high ammonia and low ammonia 
concentration ............................................................................................................................ 107 
 
CHAPTER 4 
 
FIGURE 4.1. Growth of P. ruminicola 23 on different nitrogen sources; peptides, ammonium 
sulfate or amino acids. .................................................................................................................139 
FIGURE 4.2. Functional categories of genes that were up-regulated on peptides or ammonia . 140 
FIGURE 4.3. Gene clusters in P. ruminicola 23 that were up-regulated >1.9 fold when grown on 
ammonia ................................................................................................................................... 141 
FIGURE 4.4. Gene clusters in P. ruminicola 23 that were up-regulated >1.9 fold when grown on 
peptides .................................................................................................................................... 142 
FIGURE 4.5. Up-regulated metabolic pathways in P. ruminicola 23 grown on ammonia ........ 143 
FIGURE 4.6. Regulated metabolic pathways in P. ruminicola 23 grown on peptides .............. 144 
FIGURE 4.7. Two-dimensional difference gel electrophoresis (2D-DIGE) of cytoplasmic 
proteins in P. ruminicola 23 grown on ammonia or peptides .................................................. 145 
FIGURE 4.8. Schematic model of nitrogen metabolism in P. ruminicola 23 in response to 
ammonia or peptides ................................................................................................................ 146 
xi 
 
 
CHAPTER 5 
 
FIGURE 5.1. Schematic diagram of the continuous culture system .......................................... 182 
FIGURE 5.2. Chemostat culture of Prevotella ruminicola 23 grown with shift of ammonia 
concentration from non-limiting (10 mM) to limiting (0.7 mM) conditions ........................... 183 
FIGURE 5.3. Categories of Prevotella ruminicola 23 genes that are expressed > 1.9 fold during 
growth on limiting and non-limiting ammonia concentrations................................................ 184 
FIGURE 5.4. Metabolic pathways upregulated during growth on non-limiting concentrations of 
ammonia ................................................................................................................................... 185 
FIGURE 5.5. Metabolic pathways upregulated during growth on limiting concentrations of 
ammonia ................................................................................................................................... 186 
FIGURE 5.6. Gene clusters in P. ruminicola 23 grown under non-limiting concentrations of 
ammonia ................................................................................................................................... 187 
FIGURE 5.7. Gene clusters in P. ruminicola 23 grown on growth limited ammonia concentration
.................................................................................................................................................. 188 
FIGURE 5.8. NADH (A) and NADPH (B) dependent GDH activities of Prevotella ruminicola 
23 grown on different environmental concentrations of ammonia .......................................... 189 
FIGURE 5.9. Biosynthetic GS activity of Prevotella ruminicola 23 grown on different 
concentration of ammonia ........................................................................................................ 190 
FIGURE 5.10. NADH (A) and NADPH (B) dependent GOGAT activities of Prevotella 
ruminicola 23 grown on different environmental concentrations of ammonia ....................... 191 
 
CHAPTER 6 
 
FIGURE 6.1. Comparison of differentially expressed genes when P. ruminicola 23 was grown 
on ammonia vs. peptides and limiting vs. non-limiting concentration of ammonia ................ 204 
 
 
 
 
 
 
 
 
xii 
 
LIST OF TABLES 
 
CHAPTER 2 
 
TABLE 2.1. Primer sequences and corresponding gene annotation used for qRT-PCR analysis of 
gene expression ..............................................................................................................................65 
TABLE 2.2. Effect of different nitrogen sources on growth of R. albus 8 ....................................66 
TABLE 2.3. Effect of different nitrogen sources on enzyme activities in R. albus 8 ...................67 
TABLE 2.4. qRT-PCR analyses of ten different nitrogen metabolism genes in R. albus 8 on 
different nitrogen sources ..............................................................................................................68 
TABLE 2.5. Differences in AA composition overtime growth of R. albus 8 on peptides as the 
sole nitrogen source .......................................................................................................................69 
 
CHAPTER 3 
 
Table 3.1. Primer lists for cloning and qRT-PCR. .......................................................................108 
Table 3.2. Annotation of the open reading frames containing GS genes in P. ruminicola 23. ...109 
Table 3.3. Purification of recombinant P. ruminicola 23 GS proteins from E. coli cells ............111 
Table 3.4. Optimal enzymatic conditions for P. ruminicola 23 GS activity using the γ-transferase 
assay and biosynthetic assay ........................................................................................................112 
Table 3.5. Apparent KmS of P. ruminicola 23GSI and GSIII ......................................................113 
Table 3.6. Relative expression levels of glutamine synthetase enzymes in P. ruminicola 23 on 
high ammonia as determined by cDNA microarray and qRT-PCR analyses ..............................114 
 
CHAPTER 4 
 
TABLE 4.1. Effect of different nitrogen sources on growth of P. ruminicola 23. ......................147 
TABLE 4.2. Primer pairs used for qRT-PCR of P. ruminicola 23 grown on ammonia or peptides
......................................................................................................................................................148 
TABLE 4.3. Differentially expressed genes (> 4 fold) in P. ruminicola 23 grown on ammonia as 
the sole nitrogen source ...............................................................................................................149 
TABLE 4.4. Genes involved in ammonia assimilation in P. ruminicola 23 induced by growth on 
ammonia .......................................................................................................................................150 
TABLE 4.5. 2D-DIGE experimental design for P. ruminicola 23 grown on ammonia or peptides 
......................................................................................................................................................151 
TABLE 4.6. Image comparison of cytoplasmic proteins gel spots that are differentially expressed 
in P. ruminicola 23 when grown on ammonia or peptides ..........................................................152 
TABLE 4.7. List of identified cytoplasmic proteins that are differentially expressed in P. 
ruminicola 23 between on ammonia and peptides .......................................................................153 
TABLE 4.8. Effect of different nitrogen sources concentration on enzyme activities in P. 
ruminicola 23 ...............................................................................................................................154 
 
CHAPTER 5 
xiii 
 
 
TABLE 5.1. Primer lists for qRT-PCR ........................................................................................192 
TABLE 5.2. Differentially expressed genes more than 4.0 fold in P. ruminicola 23 grown under 
non-limiting concentrations of ammonia ..................................................................................193 
TABLE 5.3. Genes involved in ammonia assimilation in P. ruminicola 23 induced by growth 
under non-limiting concentrations of ammonia ........................................................................195 
 
 
 
 
 
 
 
 
  
1 
 
CHAPTER 1 
LITERATURE REVIEW 
 
INTRODUCTION 
 A complex and diverse assortment of microbes inhabit the rumen, where they participate 
in a complex mutualistic relationship with the ruminant host. The rumen provides a reasonably 
stable (in terms of pH, temperature, redox potential (Eh)) and eutrophic environment, enabling 
maximal growth of ruminal microorganisms. The rumen environment is well-buffered by 
bicarbonate and phosphate from the saliva and by volatile fatty acids (VFAs) and CO2 from 
microbial fermentation end-products resulting in a pH that fluctuates little between 5.5 and 7.0. 
The temperature is maintained between 38 to 40ºC, being maximal shortly after feeding when 
fermentation is most active (21). The redox potential in the rumen is about -150 to -350 mV a 
condition that suits the growth of most of anaerobic microorganisms (18). Collectively these 
conditions are ideal for the fermentation of plant biomass.  
The ability of ruminants to utilize a variety of plant cell wall carbohydrates is conferred 
by the rumen microbiota which hydrolyze and ferment these materials through to short-chain 
fatty acids (SCFA) (88). SCFAs are subsequently absorbed through the rumen epithelium and 
used for host energy metabolism.  
 The availability of nitrogen to rumen-inhabiting microbes is critical to their ability to 
exist and exploit the plant material. The rumen has evolved as an efficient organ for protein 
nutrition. Unlike monogastric animals, the quality of available protein is not entirely dependent 
on the quality of dietary protein or amino acids, or the digestibility of the protein-containing 
substrate. Within the rumen certain microbes have evolved to degrade plant-derived protein and 
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non-protein nitrogen into smaller molecules and, in addition to their own requirements, make the 
resulting peptides, amino acids, and ammonia available as a nitrogen source for the rest of the 
ruminal microbiome (Fig. 1.1) (83).   
 Nitrogen sources in the rumen are commonly divided into two categories; degradable 
crude protein (RDP) and non-protein nitrogen (NPN). Both RDP and NPN are hydrolyzed and 
utilized by rumen microbes. Dietary protein is rapidly degraded into peptides and amino acids. 
Peptides can then be converted to amino acids or converted directly to microbial protein. Amino 
acids can be used directly by microorganisms  for protein synthesis or can be further broken 
down through deamination to produce carbon skeletons and NPN compounds, such as ammonia 
or urea (Fig. 1.2) (7).  
 In addition to meeting the needs of the ruminal microbiome, rumen microorganisms 
provide enough protein to meet the protein requirements of the ruminant host. This is true even 
when the ruminant is subjected to a protein free diet. For example, in one study lactating cows 
maintained a relatively high milk production when fed cellulose, urea and an ammonium salt as 
the sole carbon and nitrogen sources without provision of any protein sources (78). This is 
largely explained by the microbes themselves constituting a major protein source. While 
undegraded dietary proteins are digested in the abomasum and passed to the small intestine, 60-
85% of all absorbable protein in the rumen is of microbial origin (70). 
 
Degradation of protein in the rumen. Plant materials contain a variety of nitrogenous 
compounds such as protein, ammonia, nucleic acids, and nitrate. The quantities and relative 
proportions of these nitrogenous compounds depend on the source of the plant material however 
protein is always the most abundant. Other protein sources in the rumen are salivary 
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mucoproteins and urea. Protein is the major nitrogen source in the diets of ruminants. Proteins 
derived from feeds are hydrolyzed by ruminal microbes, with 16 to 43 % of culturable bacteria 
from the rumen having proteolytic activity (55). In the rumen approximately 75% of the total 
proteolytic activity occurs in microbial mats associated with the feed particles (9, 37). Several 
factors affect the efficiency of protein degradation in the rumen, including i) the type of protein, 
ii) the ruminal pH and iii) nutrient interaction (7).  
 The type of protein present in feed is the most important factor affecting the degradability 
of protein. This feature is mediated largely through the tertiary structure and amino acid 
composition which affect the proteins hydrophobicity (17) and solubility. This in turn affects the 
ability of proteases to break down the molecule. Glutelins, for example, are insoluble due to a 
complex tertiary structure and the presence of disulfide bonds, and thus degrade very slowly in 
the rumen as compared with globulins from corn (57). Although protein solubility is an 
important factor for protein degradation in the rumen, some proteins, which are highly soluble in 
vitro are not very soluble in the rumen. For example BSA and ovalbumin are degraded slowly by 
ruminal microorganisms because of their numerous disulphide bridges (43, 51).  
Another factor affecting protein degradation is pH. The optimal pH of most characterized 
protease activities deriving from the rumen ranges from pH 5.1 to 7.5 (37). Protein degradation 
typically decreases as pH drops (7). This pH change is also accompanied by changes in the 
microbial community, resulting in changes in protein degradation capacity of the rumen biota.  
Protein degradation is also affected by nutrient interactions. Plant cell wall proteins are 
structural in nature and link with cell wall polymers. The condensed tannins present in Sainfoin 
bind to protein and this binding makes protein less available for hydrolysis by rumen bacteria 
(33). Protein degradation is dependent on protease activity but also other enzymes that mediate 
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the hydrolysis of other cell wall structural compounds. For instance one study has shown 
improvements in protein degradation of feeds comprising high concentrations of starch following 
sequential incubation with amylase enzymes (71). Other experiments have also shown 
pretreatment with cellulase leads to increases in protein degradation (36). Consequently, ruminal 
proteolysis is dependent on various proteolytic and non-proteolytic enzymes. 
Hydrolysis of protein releases oligopeptides, these are in-turn broken down to shorter 
oligopeptides or amino acids. When sufficient energy for biosynthesis is available, the peptides 
are broken down to amino acids and absorbed by microorganisms (Fig. 1.2). However, when 
sufficient energy is not available, peptides are degraded further to ammonia (83). Mixed rumen 
microorganisms prefer peptides rather than amino acids for SCFA and microbial protein 
synthesis (90). Single culture experiments with Prevotella ruminicola show similar results. P. 
ruminicola strains utilize  ammonia and peptides as a nitrogen source (53) with preference for 
larger peptides (up to 2,000 Da) (54). However, some ruminal bacteria preferentially use amino 
acids over peptides, for example amino acid transport is predominant in Streptococcus bovis 
(87). A previous study determined the primary nitrogen sources of structural carbohydrate 
hydrolyzing bacteria and nonstructural carbohydrate hydrolyzing bacteria of the rumen using 
CNCPS (Cornell Net Carbohydrate and Protein System). The results revealed structural 
carbohydrate hydrolyzing bacteria require ammonia as a primary nitrogen source while 
nonstructural carbohydrate utilizing bacteria can use either ammonia or peptide and amino acids 
(58).  
 Peptidase enzymes exert activity via several different mechanisms, including dipeptidase. 
Dipeptidase activities have been reported for both bacteria and ciliate protozoa in the rumen (82), 
with ciliate protozoa, particularly small entodinia, having higher peptidase and deamination 
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activities than bacteria. Mixed protozoa tend to have a high leucine aminopeptidase activity (26) 
although overall due to the total mass of bacteria they exhibit a much more important effect as 
demonstrated in a defaunated sheep experiment which showed that the contribution of protozoa 
for dipeptidase activity is less than the peptidase activity of bacteria in the rumen (82). 
Aminopeptidase is the most abundant type of peptidase in the rumen and the major 
aminopeptidase activity is dipeptidase. Dipeptidase is also the major aminopeptidase of one of 
the most numerically-dominant rumen-inhabiting bacteria , P. ruminicola (80).  
Many species of rumen bacteria require ammonia because they are not able to utilize 
amino acids (11) and because the typically low concentration of free amino acids in the rumen 
(26-500 nM) are limiting  (1, 42, 45). The deamination rate of amino acids is rapid in the rumen. 
Essential amino acids lysine, phenylalanine, leucine, and isoleucine are broken down at a rate 0.2 
to 0.3 mmol h
-1
 and the rate of arginine and threonine degradation range from 0.5 to 0.9 mmol h
-
1
. Even the most stable amino acids, valine and methionine, are broken down quickly at a rate of 
0.1 to 0.14 mmol h
-1
 (15). Equally, the deamination rates of the non-essential amino acids 
(alanine, aspartate, glutamate, glycine, and serine) is also at least as rapidly as the deamination of 
essential amino acids (10). Free amino acids in the rumen are rapidly deaminated by high 
numbers of low activity ammonia producing bacterial species, such as Butyrivibrio fibrisolvens, 
Megasphaera elsdenii, P. ruminicola, Selenomonas ruminantium, S. bovis and a few species with 
high ammonia producing activities , such as; Clostridium aminophilum, Clostridium sticklandii, 
Peptostreptococcus anaerobius (83). The species with a low deaminase activity are present at a 
concentration of more than 10
9
 cells per ml, and produce ammonia at a rate of 10 to 20 nmol 
NH3 min
-1
 mg protein
-1
. Those species with a high deaminase activity are present at a 
concentration of 10
7
 cells per ml and have an ammonia production rate of 300 nmol NH3 min
-1
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mg protein
-1
. Whereas the organisms with low deaminase activity are monensin resistant, those 
with a high deaminase activity are monensin sensitive (79). Collectively, these two groups 
ensure that deamination of free amino acids occurs rapidly.  
 
Protein synthesis in the rumen. Approximately 80% of available peptides are transformed into 
microbial protein (59). Non-fibrous carbohydrate fermenting bacteria use up to 66% of available 
nitrogen from peptides. To maximize protein synthesis bacteria need 1.2 g of peptide N/kg of 
OM fermented in the rumen (5). In general, rumenal bacteria do not require amino acids as most 
are able to synthesize the major amino acids from simple nitrogen sources (5). 
 Ammonia is the most important nitrogen source for protein synthesis in the rumen. 
Between 42% and 100% of rumen microbial proteins are derived from ammonia (49, 52, 83). 
Protein synthesis by bacteria depends on the type and quantity of carbohydrate sources (7). 
Normally, nonstructural carbohydrates, such as starch, are more effective than structural 
carbohydrate, such as cellulose, for promoting nitrogen utilization (67). When the carbohydrate 
fermentation rate exceeds the rate of protein fermentation, microbial protein synthesis decreases. 
Conversely, when the protein fermentation rate exceeds the rate of carbohydrate fermentation, 
ammonia accumulates in the rumen (49).  
 Intracellularly bacteria incorporate ammonia into bacterial protein using two different 
enzyme systems; the high affinity enzyme system (GS-GOGAT) or the low affinity system 
(GDH).  
  
Ammonia and urea assimilation in the rumen. Ruminants receive a total of 60 to 90% of their 
daily nitrogen requirements from ammonia and 50 to 70% of total bacterial nitrogen is derived 
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from ammonia (42, 45). Urea is also an important ammonia source in the rumen. Urea is rapidly 
broken down and released as ammonia by the enzyme urease (27, 44). To be used for ammonia 
assimilation in the bacteria, ammonia must first pass the physical barrier of the cell membrane. 
However, ammonia is not freely diffusible because ammonia is weakly basic (pKa = 9.25). 
Therefore, ammonia in the rumen most commonly exists as the ammonium ion (NH4
+
) (35). If 
sufficient ammonia (>1mM) is present in rumen fluid, then passive membrane permeation of 
NH3 is sufficient for cell growth. However, at low ammonia concentrations diffusion is not 
sufficient, therefore under these conditions, an active ammonium transport system is required to 
transport ammonia into the cell. Ammonia concentration gradient increased across cell 
membranes ranged from 15 fold to 18 fold under mixed rumen bacteria culture and this 
concentration gradient indicates active transport (60).  
 One system commonly employed for ammonium transport is the 
ammonium/methylammonium transporter system (Amt). Amt actively transports ammonium 
(46) and also provides a gas channel for NH3 (40). AmtB is required to maintain the optimal 
growth rate of many enteric bacteria and yeast when the NH3 concentration is low (< 50 nM) 
(40). However, AmtB is not essential when the NH3 concentration is higher than 100 nM due to 
sufficient cytoplasmic NH3 concentration by diffusion (40). The amtB gene is highly regulated 
by the nitrogen regulatory protein C, NtrC, whose expression is greatly increased in enteric 
bacteria such as E. coli when ammonia concentrations are limited (40).  
 The function of AmtB is also regulated by GlnK is a member of the PII protein family and 
acts as a sensor of nitrogen levels in bacteria. Sequences of GlnK and other PII proteins are very 
similar. Both the GlnK and PII proteins can be uridylylated and undertake similar functions (75). 
When the ammonia level is low GlnK is uridylylated, becoming UMP-GlnK. UMP-GlnK is not 
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able to bind to the AmtB protein, allowing ammonia to cross the cell membrane. However, when 
the ammonia concentration is high GlnK is not uridylylated and is able to bind to AmtB, 
blocking the transfer of ammonia. 
 Intracellular ammonia is used for protein synthesis and various biosynthetic reactions 
involving ammonia assimilation such as glutamate, glutamine, aspartate, asparagine, serine, and 
glycine synthesis. When the microorganisms are grown on high ammonia, ammonia is 
assimilated into glutamate by GDH, which provides a storage mechanism. Under ammonia 
limiting conditions, ammonia is assimilated by GS-GOGAT pathway. 
 
Glutamate dehydrogenase. Glutamate dehydrogenase (GDH) converts nitrogen from ammonia 
into glutamate when the ammonia concentration is high. However, GDH is ineffective when 
ammonia is limiting. This is because glutamate dehydrogenase has a relatively high Km value 
(around 1mM) (61). GDH is important for both catabolic and anabolic activities within the cell. 
There are two basic types of GDH: NADH-dependent GDH and NADPH-dependent GDH. 
NADH-dependent GDH is a catabolic enzyme, while NADPH-dependent GDH performs 
ammonia assimilation. The GDH of E. coli is encoded by the gdhA and comprises a hexamer of 
identical 50 kDa subunits (61). Ammonia assimilation into glutamate is catalyzed via the 
reductive amination by NADPH-dependent GDH activity.  
 NADPH                     NADP
+
  
α-ketoglutarate + NH3  Glutamate 
 Glutamate dehydrogenase  
 
 Primary function of NADH dependent GDH is glutamate catabolism. 
 NAD
+
                     NADH  
Glutamate  α-ketoglutarate + NH3 
 Glutamate dehydrogenase  
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 Expression of high levels of NADH- and NADPH-dependent GDH have been observed 
in several rumen bacteria (16). NADH-dependent GDH was observed in R. albus and M. elsdenii 
while NADPH-dependent GDH was observed in P. ruminicola, R. flavefaciens, B. fibrisolvens, 
F. succinogenes, and S. bovis (34). Both NADH- and NADPH-dependent GDHs were observed 
in pure cultures of Selemonas ruminantium and each has a high Km value (6 mM and 23 mM). 
This result shows both GDHs play a key role in glutamate formation when the cognate organism 
experiences high concentrations of ammonia (66). Conversely previous work has found the 
GDHs of P. ruminicola 23, P. bryantii B14, and P. brevis GA33 have higher activity during 
ammonia limiting conditions (1mM NH4Cl) (85, 86).  
 
Glutamine synthetase. Glutamine synthetase in microorganisms catalyzes the first biosynthetic 
step for a large number of different compounds (65). There are three different types of glutamine 
synthetase (GS): GS type I, GS type II, and GS type III. GSI is encoded by glnA and assembles 
to form a dodecamer with identical subunits (~55 kDa) (65). In this dodecameric form the 
molecule is held together as two identical hexameric forms by hydrophobic interactions and 
hydrogen bonds. 
GS contains twelve active sites that have a bifunnel shape in which glutamate and ATP 
bind at opposing ends (2) There are two cation binding sites at the funnel; n1 and n2. The n1 is 
site for stablilizing GS activity (63, 76) and n2 site is involved for phosphoryl transfer (Fig. 1.3) 
(32). Either magnesium or manganese binds to n1 and n2 sites for catalysis (24). Divalent cations 
stabilize the dodecameric structure. The divalent cation-containing GS is taut and without the 
divalent cation becomes relaxed (64).  
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GS catalyzes glutamine formation from ammonia and glutamate. Glutamine is then 
available for amino acid synthesis and as a donor for production of nitrogen containing 
compounds such as histidine, tryptophan, AMP, CTP, carbamyl phosphate and glucosamine-6-
phosphate. Bacteria can grow rapidly with low level of GS only when ammonia concentrations 
are high, while in wild type systems GS levels spike when ammonia is limiting (25, 56). 
  
 
ATP   divalent cation   ADP + Pi  
Glutamate + NH3  Glutamine 
 Glutamine synthetase  
 
 GSII is encoded by the glnII gene and assembles to form an octamer of identical subunits 
(~36 kDa) that are heat labile (34). GSII was identified in eukaryotes and the bacterial genera  
Frankia (22), Rhizobium (20) and Streptomyces (39). GSII occurs in plant symbionts and has 
high sequence similarities with eukaryotic GS and consequently has been suggested to have 
resulted in plant symbionts as a result of horizontal gene transfer event between a plant species 
and its symbiotic bacteria (14). 
 GSIII is encoded by glnN and assembles as a dodecamer with twelve identical subunits 
(molecular weight 83 kDa of B. fragilis and 77 kDa of R. albus 8) (3, 76). GSIII was first 
described in Bacteroides fragilis Bf-1 (29). From multiple sequence alignments, five conserved 
regions (I-V) have been identified. The α/β-barrel (I) the latch [PYF]-D-[GA]-S-S, (II) G-X(8)-
E-[VD]-X(3,4)-Q-[EF], (III) ATP binding site K-P-[LIVMFYA]-X(3,5)-[NPAT]-G-[GSTAN]-
G-X-H-X(3)-S, (IV) Glutamate binding site [ND]-R-X(3)-[IV]-R-[IV], and (V) [ILE]-E-[FDV]-
R-X(6)-[NDPS]. These regions are conserved in all three types of GS (Fig. 1.4). In addition, four 
regions (A-D) are highly conserved only in GSIII proteins: (A) AEKHDxFI, (B) GEALD, (C) 
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EQEYFLxD and (D) HRLGxNEAPPAI, respectively (Fig. 1.4) (19). GSIII is only type of GS in 
the family Bacteroidaceae, while Synechocystis spp.produces both GSI and GSIII (46). 
 The catalytic activity of GS is highly regulated by adenylylation and feedback inhibition 
(Fig. 1.5). Adenylylation is regulated by the intracellular nitrogen concentration. Adenylylation 
of GS causes the enzyme to be inactive, while deadenylylation restores catalytic activity. Both 
adenylylation and deadenylylation are regulated by the same bifunctional enzyme, 
adenylyltransferase (ATase), in response to nitrogen availability (4). Another PII protein acts as 
the signal protein playing a significant role in nitrogen metabolism in wide variety of bacteria. 
Uridylylation or deuridylylation of this PII protein controls ATase activity. UMP-PII stimulates 
deadenylylation of GS by catalyzing ATase to removing AMP from Tyr-397 of GS and release 
ADP, and conversely PII is adenylylated GS by adding AMP to Tyr-397of GS by using ATP and 
release PPi (4). Cumulative feedback inhibition controls anabolic function of GS by 
accumulation of alanine, glycine, serine, AMP, carbamoyl phosphate, CTP, glucosamine-6-
phosphate, histidine, and tryptophan. These nine end products compete with glutamate binding 
sites and inhibit GS activity (24).  
 
Glutamate synthase. Glutamate synthase, also known as glutamine: amide-2-oxoglutarate 
aminotransferase (GOGAT), catalyzes transfer of amide group from glutamine to α-ketoglutarate 
to form glutamate (73). This enzyme was used for growth of Klebsiella aerogenes in an 
ammonia-enriched medium when GDH activity was low or absent (28). 
 
 NAD(P)H              NAD(P
+
)  
Glutamine+ α-ketoglutarate  2Glutamate 
 Glutamate synthase  
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 GOGAT is a heterodimer composed of a small (~52 kDa) and a large (~135 kDa) subunit 
(47). Correspondingly, GOGAT is encoded by two different genes; gltB – which encodies the 
large subunit of glutamine synthase - and gltD – which encodes the smaller transaminase subunit 
analogous to GDH (28). 
 Generally glutamine aminotransferases bind glutamate at the small subunit and transfer 
amide nitrogen to the large subunit. Most glutamine aminotransferases are not able to utilize 
ammonia as a substrate; however, GOGAT has several different ways of catalyzing and utilizing 
either glutamate or ammonia as substrates. GOGAT can bind glutamine to large subunit and 
ammonia to the small subunit (72). The large subunit catalyzes glutaminase activity and 
glutamine is deaminated. The small subunit catalyzes amination of α-ketoglutarate when 
ammonia levels are high (73). 
 
Phenotypic description of the two study organisms:  Prevotella ruminicola and 
Ruminococcus albus 
Prevotella ruminicola. Members of the genus Prevotella are numerically-abundant in the rumen 
of both cattle and sheep, accounting for as much as 42 – 60 % of the total bacterial rRNA (68, 
74, 89). The species P. ruminicola, itself accounts for up to 5 % of total bacterial rRNA (23) and 
in addition to an important hemicellulytic role, plays a central role in the degradation of feed 
protein. P. ruminicola is  thought to be one of the most important ammonia-producing bacterium 
in the rumen (8).  
P. ruminicola was first described by Bryant et al. (12) and was originally ascribed to the 
genus Bacteroides, however subsequent analysis has shown the species P. ruminicola, as well as 
others originally assigned to the genus Bacteroides show sufficient genetic difference to be 
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reclassified under a new genus Prevotella (62). The type strain P. ruminicola 23 is a Gram 
negative, rod shaped, obligate anaerobic bacterium. P. ruminicola strains have a G+C content of 
between 45 and 52%. P. ruminicola requires hemin for growth (13). P. ruminicola is believed to 
play important roles in the metabolism of protein and peptides largely due to its high proteolytic 
activity against casein (6). 
 P. ruminicola 23 is able to utilize arbutin, salicin, D-raffinose, D-mannose, sucrose, and 
melibiose and has dipeptidyl peptidase activity (6). P. ruminicola prefers large peptides for 
growth, taking up large peptides (up to 2000 kDa) much more rapidly than free amino acids (87). 
The breakdown of peptides is a two step processes in the rumen: First dipeptidyl peptidases 
break down oligopeptides, while distinct dipeptidases break down the released dipeptides to 
amino acids (87). P. ruminicola exhibits four dipeptidyl activities; GlyArg-MNA, Ala2-ρNA, 
Gly-Pro-ρNA and LysAla-MNA showing the highest Ala2-ρNA and GlyArg-MNA activities 
against dipeptidyl-ρ-nitroanilide. This enzyme is used in the first step in the degradation of 
peptides (81).  
 
Ruminococcus albus. Ruminococcus albus is one of the major cellulolytic bacteria in the rumen, 
where it requires ammonia as a nitrogen source (84). R. albus and R. flavefaciens are specialist 
plant cell wall degraders and have a comparatively low abundance, accounting for up to 2.2 % of 
the total microbial population (38). Along with the other major cellulytic genus in the rumen, 
Fibrobacter and Ruminococcus spp. represent just 2-10 % of isolates based on cultivation 
depending on diet. Of the cellulytic species R. albus appears to be one of the most abundant 
representing 43 % of the total cellulolytic isolates from cattle (77).  
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R. albus was originally isolated by R. E. Hungate in 1957 (30). R. albus is a low G+C 
Gram-positive, non-motile, obligately anaerobic cocci. R. flavefaciens, on the other hand, is more 
often seen as diplococci that produce a yellow pigment (30). R. albus is able to ferment cellulose, 
cellobiose, and glucose and it produces acetate, ethanol, formate, lactate, hydrogen and CO2 as 
end products (69). One or more of isobutyrate, isovaleric acids, 2-methlybutyrate, and n-valeric 
acids are required for growth. Phenylpropanoic acid (PPA) enhances the growth of R. albus, its 
rate of cellulolytic hydrolysis and its ability to attach to substrate (31, 48). 
 As ammonia is the most important nitrogen source for ruminal cellulolytic bacteria. 
Ammonia assimilation is fundamentally important to cellulose degradation in this ecosystem. 
Around 78% of the total rumen bacterial protein is derived from ammonia (52) and the genome 
sequence of R. albus 8 contains several genes important to ammonia assimilation.  
 
PROSPECTS FOR RESEARCH 
 This literature review describes the current understanding of nitrogen metabolism in the 
rumen. Nitrogen metabolism and ammonia assimilation are clearly important to the function of 
the rumen microbial ecosystem and commensurately to host nutrition. Dietary proteins from 
ingested plant material are degraded and converted to microbial protein by microbes of the 
rumen. Microbial proteins are then digested and absorbed by the host as the major nitrogen 
source. Consequently, microbial nitrogen metabolism within the rumen is directly related to the 
health and productivity of the ruminant host. However, our current understanding of nitrogen 
metabolism and in-particular ammonia assimilation by ruminal bacteria is limited. Most studies 
of nitrogen metabolism and ammonia assimilation in the rumen have focused on enzyme 
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activities. In addition, many studies have focused on the regulation of single enzymes at single 
timepoints and attempted to apply this information to the activity of the entire rumen ecosystem. 
 Clearly an improved understanding of bacterial nitrogen metabolism on a whole genomic 
level taking account for multi complex gene regulations requires expansion. With recent 
advances and more powerful molecular techniques as well as the completion of several genome 
sequences of important rumen bacteria, many of these questions have become more 
approachable.  
 The goal of this study was to gain a combined biochemical and genetic understanding of 
the processes ruminal bacteria undertake for the utilization of different nitrogen sources. Firstly 
this study analyzes the regulation of gene expression and enzyme activities involved in ammonia 
assimilation by one of the major cellulolytic bacterium R. albus 8, which may be applied as a 
model for ammonia assimilation in the Firmicutes phylum. Secondary, this study investigates the 
global gene expressions of the numerically dominant hemicellulytic bacterium P. ruminicola 23 
in the Bacteroidetes phylum enabled by closed genome sequence. Further, we characterize 
ammonia assimilation enzymes and analysze enzyme activities. Collectively these analyses 
enable the characterization of  the transcriptional regulation pathway and corresponding 
expression of genes whose enzymatic products respond to the different nitrogen sources.  
Genomic and postgenomic analyses of nitrogen metabolism of the numerically-dominant 
hemicallulytic P. ruminicola 23 and predominant cellulolytic R. albus 8 therefore fill the present 
gaps in knowledge regarding the regulation of important nitrogen metabolism enzymes, and their 
responses to the different nitrogen sources.  
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FIGURES AND TABLES 
 
FIGURE 1.1. Flow of N (g day
-1
) in the rumen of sheep receiving a Lucerne-chaff diet (redrawn 
from Nolan, 1975) (50) 
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FIGURE 1.2. Protein degradation and utilization in the rumen bacteria (modified from Bach, 
2005) (7).  
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FIGURE 1.3. GS biosynthetic mechanism. Gray balls represent n1 and n2 metal ions at the neck 
of the bifunnel. Catalytic residues, including Asp-50P which rotates and Glu-327 on the loop 
called the Glu-327 flap, are shown in black. A) ATP binds to the n2 site in the top of the 
bifunnel. B) Glutamate enters the bottom of the bifunnel and bind to Glu-327 flap. Carboxylate 
group of glutamate binds to the n1 site. C) Phosphate of ATP transferred to the glutamate and 
forming intermediate. D) Ammonium ion enters the bifunnel. E) Ammonium ion is formed 
ammonia by deprotonation. F) ammonia attacks the glutamyl phosphate intermediate and 
phosphate group is released from intermediate. G) glutamine is synthesized and H) glutamine is 
released by the Glu-327 flap open. Adapted from Eisenberg et al. (24). 
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FIGURE 1.4. Conserved regions within families and across the entire GS superfamily. Motifs I, 
II, III, IV and V are conserved throughout the GS proteins (types I, II, and III). Motifs A, B, C, 
and D are identical as signature motifs that are unique to the type III GS proteins. Motif I, II, III, 
IV, and V conserved sites represent β-sheets of the active site α/β-barrel: I latch [PYF]-D-[GA]-
S-S; II G-X(8)-E-[VD]-X(3,4)-Q-X-[EF]; III ATP-binding site K-P-[LIVMFYA]-X(3,5)-
[NPAT]-G-[GSTAN]-G-X-H-X(3)-S; IV Glutamate binding site [ND]-R-X(3)-[IV]-R-[IV]; and 
V [ILF]-E-[FDV]-R-X(6)-[NDPS]. Motif A, B, C, and D conserved regions are signature 
sequence (A) AEKHDxFI, (B) GEALD, (C) EQEYFLxD and (D) HRLGxNEAPPAI, 
respectively. Adapted from van Rooyen et al. (76). 
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FIGURE 1.5. Schematic model for regulation of glutamine synthetase in response to nitrogen 
status. Uridylyl transferase (UT) catalyzes the uridylylation and deuridylylation of PII. 
Adenylyltransferase (AT) catalyzes adenylylation and deadenylylation of GS (information got 
from Leigh, 2007) (41).  
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CHAPTER 2 
 EFFECT OF NITROGEN SOURCE ON GENE EXPRESSION AND ENZYME 
ACTIVITY IN Ruminococcus albus 8 
 
ABSTRACT 
Variations in nitrogen source play a major role in determining and the regulation of genes 
and their enzymes involved in nitrogen metabolism and the determining growth rate of bacteria. 
Understanding the important biochemical and genetic regulation of N metabolism in the rumen 
Firmicute Ruminococcus albus 8 is important and also provides as well as a model for 
understanding these processes in other rumen and gut Firmicutes. R. albus 8 was grown using 
ammonia, urea, or peptides as the sole N source. Growth of R. albus 8 on ammonia and urea 
showed a similar growth rate (ammonia 0.082 h
-1
; urea 0.081 h
-1
) respectively and maximum cell 
density (ammonia OD600 1.011; urea OD600 0.985). Growth on peptides resulted in a high growth 
rate (0.091 h
-1
) but low maximum cell density (OD600 0.579). To identify differences in gene 
regulation and enzyme activities, the expression of ten different genes (gdh, gdhA, glnA, glnN, 
gltB, gltD, amtB, glnK, nifH, and ureC) and specific enzyme activities were analyzed by 
harvesting mRNA and crude protein from cells at early-, mid-, and late-exponential phases of 
growth on the different N sources. Gene expression levels and enzyme activities varied 
according to N source and also by growth phase. NADH-dependent glutamate dehydrogenase 
(gdh) was highest at low concentrations (< 1 mM) of ammonia and urea but lower during growth 
on peptides. Conversely, NADPH-dependent glutamate dehydrogenase (gdhA) was strongly 
expressed on peptides but not up-regulated on ammonia. The glutamine synthetase gene (GSI; 
glnA) was up-regulated during late-exponential phase on all three N sources. On the other hand, 
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glnN (GSIII) was down-regulated on ammonia and urea while being strongly expressed on 
peptides. Interestingly, the expression of glutamate synthase (gltB and gltD) was detected and 
found to be differentially regulated, although no enzymatic activity could be measured on any of 
the three N sources. These results show that R. albus 8 regulates genes involved in ammonia 
assimilation in response to different N sources and this often correlates with changes in the 
activity of enzymes involved in ammonia assimilation. The effects contribute to the observed 
variations in the growth rate of R. albus 8. 
 
INTRODUCTION 
 Bacteria utilize a variety of organic and inorganic nitrogen sources for growth. The 
nitrogen source utilized is often dependent on its availability in the environment and the 
metabolic capacity of the organism. Specific nitrogen sources play major roles in the regulation 
of nitrogen metabolism and growth rate of bacteria. Ammonia, urea, peptides and amino acids 
are the major nitrogen sources for gastrointestinal microorganisms and these nitrogen sources 
regulate nitrogen metabolism through differential gene expression in the cell.   
Glutamate dehydrogenase (GDH), glutamine synthetase (GS), and glutamate synthase 
(GOGAT) are the three major types of enzyme that regulate the intracellular pool of nitrogen by 
controlling ammonia assimilation (28). GDH plays a significant role in the metabolism of 
nitrogen in many organisms. In the enteric Proteobacteria, such as E. coli and Salmonella, GDH 
is the primary assimilation pathway through conversion of α-ketoglutarate to glutamate when the 
medium ammonia concentration is above 1 mM. However, when the ammonia concentration is 
below 0.1 mM, the GS-GOGAT pathway becomes the primary ammonia assimilation pathway. 
The low affinity GDH reaction is redox dependent and uses NAD(P)H as cofactor. This 
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mechanism operates at high ammonia concentration but is energy-independent. The high affinity 
enzyme GS converts glutamate and ammonia to glutamine and then coupled GOGAT activity 
converts glutamine to glutamate under ammonia limiting conditions (28). GS is usually most 
active under ammonia-limiting conditions and is ATP-dependent. GOGAT functions as a 
transaminase and together with GS constitute the coupled GS-GOGAT pathway. In the presence 
of α-ketoglutarate, GOGAT will synthesize two moles of glutamate from the glutamine produced 
by GS during ammonia assimilation (23, 28, 35).  
Based on bioinformatic analysis of draft genome sequence (8X coverage) the genome of 
R. albus 8 (3.8 Mb), contains a number of genes encoding enzymes critical to nitrogen 
metabolism. We identified ten genes in the genome of R. albus 8 including an NADH-dependent 
GDH (gdh), an NADPH-dependent GDH (gdhA), a high affinity ammonium transporter, (amtB), 
a regulatory protein (glnK), a putative urease and two different types of GS; type I GS, glnA, and 
type III GS, glnN. Bacterial GOGAT enzymes typically comprise two subunits; large subunit and 
small subunit. Similar to other bacteria, the R. albus GOGAT is encoded by two genes: gltB, 
which encodes the large subunit; and gltD, which encodes the small subunit. GlnK is a PII-like 
protein and acts as a sensor of the nitrogen levels in prokaryotes acting to regulate AmtB and 
consequently the intracellular ammonia concentration (11). Activity of the R. albus urease 
enzyme has previously been described (45). However, we identified ureC, which encodes the -
subunit of urease, an enzyme that has been shown to be essential for urease activity in other 
bacteria (31) and analyzed its expression as an indicator of overall urease expression. Gene 
expression and enzyme activity were analyzed during growth on ammonia, urea, and peptides, 
and over different growth stages.     
35 
 
The purpose of this study was to investigate the transcriptional responses and enzymatic 
activities of this set of nitrogen metabolism genes in the genome of R. albus 8 on three different 
nitrogen sources. We demonstrate that the transcriptional responses and enzymatic activities of 
nitrogen metabolism genes varied with nitrogen source.  
 
MATERIALS AND METHODS 
Bacteria and culture conditions. The R. albus 8 strain used in this study was obtained from the 
culture collection of the Department of Animal Sciences of University of Illinois. R. albus 8 
cultures were grown anaerobically at 37ºC in a defined medium (3) which varied only in the 
chemical form of nitrogen provided. The medium nitrogen concentrations (w/v) were 0.125% 
(NH4)2SO4, 0.125% Urea, 0.131% peptide (N-Z amine A; Sigma-Aldrich, St. Louis, MO), or 
0.128% ammonia and peptide mixture. Bacterial growth was measured in triplicate by the 
increase in optical density at OD600 with a Spectronic 21D spectrophotometer (Milton Roy, 
Chicago, IL) for 48h. For RNA extraction, enzyme assays, and chemical analysis, 150 ml 
bacterial cultures (early, mid, and late exponential phase from log phase growth) were harvested 
at early, mid, and late exponential phases by centrifugation at 7,500 rpm for 5 min. The 
centrifuged cell pellet and supernatants were stored at -80ºC until they were analyzed. 
 
Chemical analyses. Ammonia concentration from supernatants was measured by the 
colorimetric method of Chaney and Marbach (8). The concentration of urea was determined by 
measuring ammonia after incubation with urease (Urease buffer reagent; Sigma-Aldrich, St. 
Louis, MO) (8).  
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Alpha amino acid analysis by ninhydrin method. The supernatant of peptide grown cultures 
was treated with previous published method (15). Supernatant of peptide grown culture was 
hydrolyzed by HCl (6N HCl for 24 h under N2 gas at 110ºC).  Free amino groups of peptides 
after peptide hydrolysis in the solutions were assayed by a ninhydrin method using glycine as the 
standard (19, 30). 
 
Individual free amino acid concentrations. Free amino acids were analyzed at the Roy J. 
Carver Biotechnology Center, University of Illinois, Urbana-Champaign. Supernatant samples 
were purified using a DSC-SCX cartridge (3 ml/100 mg; Supelco, Bellefonte, PA, USA) 
preconditioned with 5 ml of methanol and 5 ml of 5 mM HCl (37) Amino acids were eluted with 
4M ammonia:methanol (50:50 v/v) (3x500 µl). 10 µL of the internal standard (L-p-
chlorophenylalanine; 10 mg/ml) were added to each sample prior to derivatization. Samples were 
dried under a N2 stream followed by conversion to N-ethoxycarbonyl ethyl esters (17, 18, 37). 
Gas Chromatography was carried out with an HP7890A gas chromatograph equipped with a 
HP5975C mass selective detector and 7683B autosampler (Agilent Inc, Palo Alto, CA, USA).  
 
RNA extraction and purification. Total RNAs were isolated from R. albus 8 centrifuged pellets 
(approximately 1.02 X 10
7
 cells) with ice-cold TRIzol (Invitrogen Corp., CA). Cell pellets were 
resuspended in lysis buffer (20 mM Tri-HCl pH 8.0, 2mM EDTA, 1.2% Triton X-100, 
Lysozyme 30 mg/ml and β-mercaptoethanol) to break down the cell membrane and treated with 
Protease K for 30 min at 56ºC (Qiagen, Valencin, CA, USA). One milliliter of ice-cold TRIzol 
was added to each sample and homogenized, and RNA was extracted using modified 
manufacturer’s protocol. Genomic DNA was removed with RNase free DNase (Qiagen, 
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Valencia, CA, USA) and the total RNAs were cleaned up with RNeasy MinElute Clean up kit 
(Qiagen, Valencia, CA). RNA concentration and purity were assessed using a NanoDrop ND-
1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). All RNA samples 
for RT-qPCR had A260/A280 ratio > 1.9.      
 
cDNA synthesis. A Random hexamer and the Superscript III first-strand synthesis system 
(Invitrogen; Carlsbad, CA, USA) was used for reverse transcription. Each cDNA was 
synthesized with 100 ng of total RNA, 2 μl random primers, and 1 μl 10 mM dNTPs mix. 
Reaction mixtures were incubated at 65ºC for 5 min. A total of 10 μl of master mix composed of 
2 μl 10X RT Buffer, 1 μl 0.1 M DTT, 1 μl (200 U) of SuperScriptTM III RT, 4 ul of 25 mM 
MgCl2 and 1 μl of RNaseOUT
TM
 (40 U) was added.  The reaction was performed using the 
following temperature program: 25ºC for 5 min, 50ºC for 60 min and 70 ºC for 15 min. The 
cDNA was then diluted 1:4 with DNase/RNase free water. After cDNA synthesis, 1 µl of 
RNaseH was added and incubated at 37ºC for 20 min to remove RNA. Synthesized cDNA free 
of RNA was stored at -20ºC until RT-qPCR.     
 
Selection of genes and primer design. Primers were designed with Primer Express software 
with amplicon length 100-150 bp and low specific binding at the 3  ´end. Features of all primer-
pairs used in the experiment are reported in Table 2.1. Primer-pairs were tested using the same 
qPCR condition using a cDNA synthesized from a pool of sample RNA. The amplicon size was 
analyzed by using 2 μl of the PCR products in a 1 % agarose gel stained with ethidium bromide. 
The rest of PCR product was purified with QIAquick
®
 Purification Kit (Qiagen, Valencia, CA) 
and sent for sequencing at the Roy J. Carver Biotechnology Center, University of Illinois, 
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Urbana-Champaign. Only primers that presented a single band of the expected size and the 
correct amplification product (verified by sequencing) were used for qPCR. The accuracy of a 
primer pair was also evaluated by the presence of a unique peak during the dissociation step at 
the end of qPCR. 
 
Internal control gene (ICG) evaluation. The evaluation of ICG for qPCR normalization was 
performed by geNorm software following a previously described procedure (5, 40). The method 
defines gene stability (M) as the constancy of the expression ratio between two non-co-regulated 
genes across all samples tested.  The more stable the expression ratio among two genes, the more 
likely that the genes are appropriate internal controls, i.e. two ideal control genes, not affected by 
treatments, should have an identical expression ratio in all samples regardless of experimental 
conditions. The lower the M value, the higher the stability of expression ratio. geNorm also 
performs an analysis to determine the utility of including more than 2 genes for normalization by 
calculating the pairwise variation (V) between the NF obtained using n genes (best references) 
(NFn) and the NF obtained using n+1 genes (addition of an extra ICG with less stable ratio with 
the n ICG) (NFn+1).  A large decrease in the pairwise variation indicates that addition of the 
subsequent more stable gene (i.e. with lowest M value) has a significant effect and should be 
included for calculation of the NF.  Once the ICG with the largest expression ratio stability are 
selected, geNorm calculates the NF through the geometrical averaging of raw qPCR values of 
the selected ICG (i.e., qPCR data after transformation using the standard curve) and this NF is 
used to normalize qPCR data. 
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Quantitative real-time PCR assay (qPCR). The qPCR was performed using SYBR Green I 
(Applied Biosystems, Foster City, CA) with an ABI Prism 7900 High Throughput Sequence 
Detection System. Four microliter of cDNA were mixed with 5 μl SYBR Green master mix 
(Applied Biosystems, Foster City, CA, USA), 0.4 μl of each forward and reverse primer, and 0.2 
μl of DNase-RNase free water. Each sample was run in triplicate along-side 6 point relative 
standard curve plus the non-template controls (NTC) were used. The qPCR reactions were 
performed with the following conditions: 50ºC for 2 min, 95ºC for 10 min, and 40 cycles of 95ºC 
for 15 s and 60ºC for 1 min. In addition, to verify the presence of a single PCR product a 
dissociation protocol using incremental temperatures to 95ºC for 15 s plus 65ºC for 15 s was 
performed. Data were analyzed using the SDS software version 2.2.1. (Applied Biosystems, 
Foster City, CA) using a six point standard curve. Gene expression data were normalized using 
the geometric mean of the most stable genes as suggested by evaluation of multiple internal 
control genes (ICG: atpD, infB, rpoB, murB, pgi, and groEL). The evaluation of ICG for qPCR 
normalization was performed by geNorm software following a previously described procedure 
(5, 40). 
 
Enzyme activity assay. Crude enzyme extracts were prepared using previous methods (1, 12). 
To prepare crude cell extracts, 40 ml of each culture sample was harvested by centrifugation at 
10,000 × g for 20 min at 4 C and washed once with anaerobic buffer (50 mM Tris, 1% KCl, 1 
mM Dithiothreitol, pH 6.8). Washed cells were resuspended in 3 ml of lysis buffer (20 mM Tris-
HCl, 1 mM DTT, and 1 mM phenylmethylsulfonyl fluoride).  Cells were disrupted by sonication 
at 80 W and chilled in an ice-water (five 30 sec cycles pulse with 1 min cooling periods). NADH 
and NADPH dependent glutamate dehydrogenase (GDH) assay (12, 38, 42), glutamine 
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synthetase (GS) γ-glutamyl transferase assay(4) and glutamine synthetase (GS) biosynthetic 
assay (13, 14), and NADH/NADPH dependent glutamate synthase (GOGAT) forward assay 
were carried as previously described (27). Urease activity was measured by the coupled enzyme 
assay method (10, 29). Urea was hydrolyzed to ammonia by urease activity and the concomitant 
decrease of NADH was measured. NADH was oxidized by glutamate dehydrogenase coupled 
with ammonia. Enzyme activities were expressed as specific activity per unit cell protein.  
 
Statistical analysis. A MIXED model with repeated measures (release 9.0; SAS Inst., Cary, NC) 
using spatial power as the covariate structure was used for all analysis (normalized gene 
expression and specific enzyme activities). The model included fixed effects of time, treatment 
(different nitrogen sources) and time × treatment. Replicate was considered a random effect. 
Statistical significance was declared at P  0.05.  
  
RESULTS 
Growth of R. albus 8 on different nitrogen sources. The growth dynamics of R. albus 8 were 
affected by changes in nitrogen source included in the medium (Fig. 2.1). The highest growth 
rate (0.091 per h) was observed when peptides were used as the N source but a significant 
decrease in maximum cell density (OD600 0.71) occurred relative to growth on ammonia or urea 
(OD600 1.01 and OD600 0.99, respectively). Growth of R. albus 8 on ammonia and urea was 
similar in terms of maximum cell density and growth rate (0.082 h
-1
 and 0.081 h
-1 
respectively; 
Table 2.2). However, utilization of urea resulted in a significant increase in the lag phase (1 hr) 
relative to ammonia. This delay is likely associated with the induction of urease activity. Growth 
on both ammonia and urea gave typical cellulolytic cocci growth curves, as seen by the marked 
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drop in OD shortly after entering stationary phase (16). R. albus 8 was unable to grow on amino 
acids as the sole nitrogen source. To determine if R. albus exhibited any preference for nitrogen 
source, the organism was grown on a mixture of ammonia and peptides (Fig. 2.1). This resulted 
in a biphasic growth pattern, with the initial phase best matching the growth dynamics exhibited 
on peptides. However, the growth rate exceeded that seen with any individual nitrogen source 
(0.101 per h), suggesting both sources were being co-utilized with the rate of ammonia 
assimilation exceeding that of peptides (Fig. 2.2).   
 
Biochemical analysis of nitrogen utilization. The utilization of ammonia and urea by R. albus 8 
was inversely proportional to the increase in OD (Fig. 2.2A and B). Concentrations of ammonia 
dramatically increased between 10 to 16 h during growth on urea before decreasing (Fig. 2.2B). 
This increase in ammonia concentration was concomitant with decrease in urea concentration for 
the same period. However, the increase in medium ammonia concentration did not match the 
levels expected to result given the rate with which urea was being degraded, suggesting its 
hydrolysis was occurring intracellularly. Concentrations of ammonia and urea both decreased 
substantially during the exponential phase of growth between 12-24 hours of incubation.  
 The ammonia concentration remained low during growth on peptides, reducing from 0.5 
mM at 0 hour to 0.1 mM during log phase (Fig. 2.2C) while the α-amino acid concentration on R. 
albus 8 was above 1.76 mM from 0 to 24 hours of growth on peptides. The α-amino acid 
concentrations were not significantly changed because the peptide concentration for R. albus 8 
growth may not be limiting for nitrogen. Analysis of the composition of free amino acids during 
growth on peptides revealed that none of the individual amino acids contained in peptides were 
preferentially used by R. albus 8(Table 2.5). The bi-phasic growth pattern exhibited by R. albus 
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8 on the mixture of ammonia and peptides are consistent with changes in ammonia utilization 
during the exponential phase of growth. Collectively, these results indicate the preferred nitrogen 
source of R. albus 8 is ammonia but the organism is also able to utilize peptides as a nitrogen 
source.  
 
ICG selection and evaluation. The method used in the present experiment to uncover reliable 
ICG for qPCR normalization requires evaluation of multiple genes (40).  The first step for 
selecting ICG was to identify genes with potentially stable expression (i.e., not affected by 
treatments). To our knowledge, qPCR data from experiments using the same treatments and 
same bacteria are not available. To overcome this limitation we selected ten genes previously 
used as ICG namely the β subunit of membrane ATP synthase (atpD), initiation factor IF2 (infB), 
and RNA polymerase beta-subunit (rpoB) were used as ICG in a comparative phylogenies within 
the Pasteurellaceae (9). Glycine/serine hydroxymethyl transferase A (glyA), Triosephosphate 
isomerase A (tpiA), and Pyruvate kinase A (pykA) had been previously used as ICG in 
Actinobacillus pleuropneumoniae under iron-depleted conditions (32). GroEL protein (groEL), 
DNA gyrase subunit A (gyrA), glucose-6-phosphate isomerase (pgi), and UDP-N-
acetylenolpyruvoylglucosamine reductase (murB) were previously used in several studies as ICG 
(26, 44).  
The second step was testing for absence of co-regulation among ICG evaluated, i.e., the 
selected genes should not be regulated through common upstream effectors (e.g., transcription 
factors) or should not directly regulate each other.  This criterion is particularly important when 
using geNorm, since the principle of the method is based on expression ratio stability among 
genes.  To search for potential co-regulation a large scientific literature search was undertaken. 
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Because of absence of these types of data in R. albus the search was open to any type of bacteria. 
We found few publications reporting simultaneous expression of the evaluated genes, in 
particular we found data from microarrays experiments in E. coli, Listeria monocytogenes, 
Lactococcus lactis, and Clostridium acetobutylicum (2, 20, 22, 39). The survey of those 
previously published data uncovered co-regulation between four ICG evaluated; glyA, tpiA, 
pyrkA, gyrA (Fig. 2.3). On the other hand, there were no co-regulations among four ICG 
evaluated; atpD, infB, rpoB, and murB and was no direct co-regulation between pgi and groEL. 
Therefore 6 genes were used to uncover reliable ICG: atpD, infB, rpoB, murB, pgi and groEL. 
 The third step was to run qPCR on the 6 selected ICG and run pairwise comparison of 
qPCR data after transformation of Ct by the standard curve using geNorm. The results revealed 
that atpD and rpoB genes had the higher expression ratio stability among all 6 ICG followed by 
infB (Fig. 2.4). geNorm also provided the optimal number of ICG to use for calculation of 
normalization factor (NF) to normalize qPCR data of target genes (Fig. 2.5). This result showed 
that six genes (V5/6) should be used to calculate the NF. The suggested cut-off was a pairwise 
variation ≤0.15 (40). Use of 6 ICG would provide a pairwise variation of 0.14. Therefore, the NF 
was obtained by geometrical mean of all 6 ICG evaluated. 
 
Gene regulation by different nitrogen sources. To investigate the transcriptional responses of 
nitrogen metabolism genes during growth on the different nitrogen sources, the levels of gdh, 
gdhA, glnA, glnN, gltB, gltD, amtB, glnK, nifH, and ureC transcripts were evaluated by qPCR 
(Table 2.4; Fig. 2.6).  
During growth on peptides gdh, encoding NADH dependent GDH, expression was 
significantly higher in the early exponential phases relative to that seen on either ammonia or 
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urea, however, its expression was reduced significantly during late exponential phase (Fig. 2.6). 
Conversely, gdh, expression increased significantly in cells grown in urea and in-particular 
ammonia.  
GdhA gene, encoding NADPH dependent GDH, expression on ammonia or urea was low 
compared to peptides. GdhA gene expression on urea showed a similar expression pattern to that 
on ammonia. However, gdhA expression on peptides was significantly upregulated at mid and 
late exponential phase of growth. The gdhA gene expression level at the late exponential phase 
on peptides was 600 times higher than the ammonia late exponential phase and 10 times higher 
than the urea late point (Fig. 2.6).  
Glutamine synthetase genes glnA and glnN transcript levels were regulated by different 
nitrogen sources and ammonia concentration. Expression of the glnA gene encoding glutamine 
synthetase type I was upregulated and showed a similar pattern on ammonia and urea, while glnA 
on peptides was also significantly up-regulated compared with growth on ammonia urea (8 fold 
than ammonia or urea at late time). Expression of the glnN gene, encoding glutamine synthetase 
type III, on ammonia and urea were down-regulated. In contrast, the expression of glnN gene on 
peptides was significantly up-regulated.  
GltB, encoding the glutamate synthase large subunit, and gltD, encoding the small 
subunit, expression on ammonia and urea were upregulated at the late exponential growth phase. 
The expression of gltB when R. albus 8 was grown on peptides was highly up-regulated while 
gltD expression was unchanged. 
 The expression of the amtB gene, encoding an ammonium transporter, on ammonia and 
urea was up-regulated and highly expressed at the late exponential phase under low ammonia 
concentration (around 1mM ammonia) on ammonia and urea (Fig. 2.2A and 2B). The expression 
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of amtB gene on peptides was also significantly upregulated (more than 10 times compared with 
ammonia and urea at late time point) and this increasing level of amtB was significant through all 
exponential phases from early to late (Fig. 2.6).   
The expression of the glnK gene, encoding PII like protein, was highest at the late 
exponential phase on all nitrogen sources. Upregulation of glnK was detected on ammonia or 
urea when grown under ammonia limiting conditions (late exponential phase). The expression of 
glnK on peptide showed a similar pattern with the expression of amtB on peptides. The glnK 
gene expression level was significantly increased through exponential phases on peptide.  
The expression of the ureC gene, encoding urease alpha subunit, was up-regulated and 
showed a similar expression pattern when R. albus 8 was grown on ammonia or urea. UreC gene 
expression was significantly increased at the late exponential phase on both ammonia and urea. 
UreC expression level on peptide was significantly upregulated on peptide at the mid 
exponential phase and slightly upregulated at late exponential phase.  
The expression of the nifH gene, encoding nitrogenase iron protein, was upregulated on 
ammonia and urea. The expression of nifH was upregulated and highest at the late exponential 
phase on both ammonia and urea. The expression of nifH gene was constitutive on peptide. 
 
Enzyme activities. The activities of GDH, GS, GOGAT and urease were measured using 
biochemical assays on cell protein (Table 2.3). Enzymatic activities were affected by changes in 
nitrogen source and nitrogen concentration transition. Maximum NADH-dependent GDH 
activity was detected at the late exponential phase during growth on ammonia and urea. NADH-
dependent GDH activity was significantly higher under all conditions than NADPH-dependent 
GDH activity. NADPH- dependent GDH activity at exponential phase was constitutively low 
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during growth on ammonia but increased in late log phase of growth on both urea and peptides. 
In contrast, the activity of the NADH-dependent GDH increased significantly between early and 
mid-exponential phases exponential phase before decreasing significantly by late exponential 
phase. NADH-GDH activity of R. albus 8 was highly regulated, but low NADPH-GDH activity 
was detected on ammonia, urea, and peptides.  
GS γ-glutamyl transferase activity on ammonia was lowest during the mid exponential 
phase but significantly increased before the late exponential phase and γ-glutamyl transferase 
activity on urea also was highest at the late exponential phase. On the other hand, GS γ-glutamyl 
transferase activity on peptides was low on peptide. 
GS biosynthetic activity, which represents the biological GS function in the organism, 
was significantly down-regulated when R. albus 8 was grown on ammonia and urea. GS 
biosynthetic activity was highest at the early exponential phase and decreased at the mid and late 
exponential phases. While, GS biosynthetic activity on peptides was constitutive on peptides. GS 
activities on ammonia and urea were regulated by decreasing ammonia concentration.  
GS in R. albus 8 showed high activity on high concentration on ammonia and then 
decreased followed by decreasing ammonia concentration. However, NADH-GOGAT and 
NADPH-GOGAT activities on all three nitrogen sources were not detected.  
Urease activity was highly expressed on urea and showed maximum activity at the late 
exponential growth phase (22 hr) on urea. Urease activity on ammonia was lower than urease 
activity on urea and peptides. Interestingly, urease activity on peptides was high at all 
exponential phases. Higher urease activity at the late exponential growth phase on ammonia was 
also observed.    
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Principal component analysis. In order to integrate and determine the relationships between 
transcriptional responses and enzyme activities we analyzed our data using Principal Component 
Analysis (PCA). Gdh, gdhA, ureC, gltB, gltD, amtB, glnK, glnA, nifH, NADH-GDH, NADH-
GOGAT, and urease were all positively correlated with decreasing ammonia concentrations (Fig. 
2.7 and 2.9). NADH-GDH activity and gdh showed positively correlated at the low ammonia 
concentration. ureC and UreC were positively correlated at the low ammonia concentration. 
AmtB (ammonia transporter) and glnK (PII like regulatory protein) were up-regulated at the low 
ammonia concentration. However, GS-biosynthetic activity was positively correlated with 
ammonia concentration. GS-biosynthetic activity was decreased with decreasing ammonia 
concentration. The relationship between transcriptional response, enzymatic activities, and 
substrate concentrations on urea was similar to the pattern observed with growth on ammonia 
(Fig. 2.8). However, these results on ammonia and urea are distinct from that observed for 
growth on peptides. Ammonia concentration decreased with commensurate reductions in ureC, 
amtB, glnN, glnK, glnA and UreC activity during late exponential phase (Fig. 2.7). However, 
gdhA and NADH-GDH were positively correlated at the early exponential phase but no 
correlation was detected with amino acid concentration. GS biosynthetic activity was positively 
regulated with amino acid concentration at early exponential phase. Relationships between the 
transcriptional and biochemical processes involved in the assimilation of both urea and ammonia 
were confirmed using PCA and shown to be distinct from the processes leading to the 
assimilation of peptides 
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DISCUSSION 
In this paper, we report for the first time research that integrates gene expression and 
enzyme activities of proteins that are important in nitrogen metabolism for R. albus, a 
predominant plant cell wall degrading anaerobe in the rumen and other gut ecosystems, 
belonging to Clostridium cluster XIVa within the Firmicute phylum (34). Our research 
demonstrates that the expression and regulation of genes and enzymes involved in ammonia 
assimilation and nitrogen metabolism in R. albus 8 vary with metabolism of different primary 
nitrogen sources. Initial verification of the effects of different nitrogen sources on R. albus 8 was 
done through comparison of its growth and nitrogen substrate utilization on different nitrogen 
sources (Fig. 2.1 and 2.2). Consistent with previous research (6), R. albus 8 utilized ammonia 
and urea well (Fig. 2.2). Ammonia is essential as the main nitrogen source for R. albus 8 (7). R. 
albus 8 produces urease and thus utilizes urea by hydrolyzing it to ammonia (45). In comparison, 
R. albus 8 has not been demonstrated to effectively utilize amino acids as nitrogen sources (7). In 
this study, R. albus 8 was able to grow on peptides as a nitrogen source, although less so than on 
a preferred nitrogen source such as urea and ammonia. However, consistent with previous 
studies (6), R. albus 8 was unable to grow on mixed amino acids as a nitrogen source (data not 
shown). This confirms that R. albus 8 prefers peptides rather than amino acids as a nitrogen 
source. Bioinformatic analysis of the draft genome sequence revealed that R. albus 8 is equipped 
with several peptide transporters and peptidases for uptake peptide and utilization of peptides 
including three peptide ABC transporters, two dipeptide ABC transporters, and twenty five genes 
involved in peptidase metabolism. However, bioinformatic analysis of the draft genome 
sequence showed that R. albus 8 also has putative amino acid ABC transporters; ATP-binding 
protein, permease protein, and ATPase component.  
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Gene expression based on growth on ammonia and urea showed similar regulation 
patterns. This result was expected because R. albus 8 hydrolyzes urea to form ammonia and then 
utilizes the same metabolic pathways as growth on ammonia.  
The gdh encoding NADH-GDH expression was significantly increased at the late 
exponential phase on ammonia which coincided with the decreasing ammonia concentration (Fig. 
2.3) and showed the highest expression at the low ammonia concentration (around 1mM) (Fig. 
2.2A). This gdh expression pattern on ammonia as sole N source was similar compared to 
expression on urea. In contrast, gdh expression on peptides was significantly down-regulated 
during the late log phase of growth. The gdh gene expression patterns correlated with NADH-
GDH activities hydrolyzing glutamate and produces α-ketoglutarate and ammonia on all three 
nitrogen sources. NADH-GDH activities on ammonia and urea were increased in response to 
growth on a low concentration of ammonia (1mM or less). This increase in NADH-GDH activity 
on a low concentration of ammonia corresponds with a previous result of increasing NADH-
GDH activity of Prevotella bryantii B14 grown under ammonia limitation (43). This result can 
be interpreted as NADH-GDH activity to break down glutamate into ammonia and α-
ketoglutarate to secure ammonia when environmental ammonia concentrations are limiting. 
GdhA gene expression showed a higher expression level when R. albus 8 was grown on 
peptides than when grown on ammonia or urea and significantly up-regulated at late exponential 
phase when the ammonia concentration was less than 0.1mM. This gdhA gene expression result 
also correlated with NADPH-GDH activity on all three nitrogen sources. NADPH-GDH activity 
was increased at the late exponential growth on peptide and urea, while NADPH-GDH was not 
expressed when grown on ammonia. NADH-GDH activities were increased as much as ten times 
higher than NADPH-GDH at the late exponential phases of growth on all three nitrogen sources. 
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This result contrasts with a previous report of P. bryantii B14 GDH activity grown under 
ammonia limitation. P. bryantii B14 showed higher NADPH-GDH activity than NADH-GDH 
when the medium concentration of   ammonia was 1mM (43).  
GS biosynthetic enzyme activities were down-regulated on ammonia and urea and 
correlated with decreasing ammonia and urea concentration (Table 2.3), while GS biosynthetic 
activity on peptides was consistently and relatively lower than ammonia or urea. Both glnN gene 
encoding GS type III expression and GS biosynthetic activity showed similar expression pattern 
on ammonia and urea (Fig. 2.3 and Table 2.3). Interestingly, both glnA and glnN gene expression 
patterns on ammonia and urea were in contrast with glnA and glnN gene expression in enteric 
bacteria (25, 28) or Cyanobacteria (36). This result indicates that GS type III may have 
biological function at high concentrations of ammonia, although it may not be the major enzyme 
pathway for ammonia assimilation at low ammonia concentration in condition of the enteric 
paradigm for ammonia assimilation where GS is a scavenging system and highly up-regulated 
under low environmental ammonia concentrations.  
NADH- and NADPH-dependent GOGAT activities were not detected on any of the 
nitrogen sources (Table 2.3). This no GOGAT activity may be due to unknown cofactors for 
enzyme activity or no function of GOGAT in R. albus 8 although gltB and gltD were regulated 
on different nitrogen sources and concentrations.  
AmtB and glnK were up-regulated on ammonia, urea, and peptides at the late exponential 
phase by the ammonia concentration. These expression levels were up-regulated when the 
ammonia concentration was less than 1 mM and the expression level was significantly higher 
when ammonia level was less than 0.1 mM (Fig. 2.2C and 6). Up-regulation of ammonium 
transporter at low ammonia concentration is consistent with enhanced ammonium transporter 
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activity to increase ammonia uptake from the environment when ammonia concentration is very 
low.      
The ureC gene expression was up-regulated on all three nitrogen sources but not 
regulated by the urea concentration. Bioinformatic analysis of the draft genome sequence 
revealed seven different urease structural genes (ureABC) and accessory proteins (ureEFGD); 
ORF00130; urease accessory protein UreD, ORF00131; urease accessory protein UreG, 
ORF00132; urease accessory protein UreF, ORF00133; urease accessory protein UreE, 
ORF00134; urease α subunit UreC, ORF00136 urease β/γ subunit UreAB, ORF02217; urease γ 
subunit UreA. Urease activity was up-regulated with growth on urea although urease activity was 
also present during growth on ammonia and peptides at the late exponential phase. However, 
urease activity was higher in the presence of urea as compared to ammonia and peptides. 
Interestingly, urease expression in R. albus 8 is not predicated on the presence of urea in the 
medium. Urease activity induction without presence of urea was also observed in 
Corynebacterium glutamicum upon nitrogen starvation and in Klebsiella pneumonia under 
nitrogen limited condition (24, 33). This urease activity may demonstrate that R. albus 8 
expresses urease to acquire urea as an alternative nitrogen source when ammonia concentration 
is limited in the medium.  
Bioinformatic analysis of the R. albus 8 draft genome sequence reveals several genes 
involved in nitrogen fixation including ORF01085; nifH, ORF01089; nifE, and ORF03233; nifB 
although it does not have the complete suite of genes for structural proteins and cofactors 
involved in nitrogen fixation. Indeed there is no evidence for nitrogen fixation in the rumen or 
other mammalian gut ecosystems.  
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The nifH (ORF01085) gene encoding dinitrogenase reductase expression was regulated 
by ammonia concentration. NifH was up-regulated on ammonia and urea at late log phase 
following decreasing ammonia concentration while nifH was constitutive on peptides.  
This result accords with previous studies of regulation of nitrogen fixation regulation by 
ammonia in cyanobacteria and archaea (21, 41). This study also demonstrated nifH gene 
expression was regulated by ammonia concentration when R. albus 8 was grown on ammonia 
and urea. 
Based on the gene expression and enzyme activity profiles, we constructed preliminary 
nitrogen regulation models for growth of R. albus 8 on ammonia, urea, and peptides. Up-
regulation of ammonium transporter (AmtB) and glutamate dehydrogenase activity (NADH-
GDH) and down-regulation of GS during exponential phase grown on ammonia demonstrate that 
glutamate was synthesized from ammonia by NADPH-GDH and this glutamate was transformed 
to glutamine by GS at the early log phase and then glutamate was transformed to α-ketoglutarate 
by the up-regulation of NADH-GDH at late exponential phase. Ammonium transporter was up-
regulated to enhance ammonia uptake from medium when ammonia concentration was low at 
late exponential phase. This α-ketoglutarate can then enter the reverse TCA cycle for energy 
metabolism (Fig. 2.10A). However, GS activity was down-regulated to reduce glutamine 
formation from glutamate because the glutamate concentration is low due to low ammonia 
concentration. Catalytic NADH-GDH activity may play an essential role linking carbon and 
nitrogen metabolism in R. albus 8.  
Growth of R. albus 8 on urea showed similar nitrogen metabolic regulation to growth on 
ammonia with the exception of urease activity. At the late log phase, urease, NADH-GDH, and 
NADPH-GDH were up-regulated compared with the early log phase. NADPH-GDH was up-
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regulated and it likely indicates that intracellular ammonia concentration was high enough to 
allow synthesis of glutamate from ammonia generated by ureolytic activity since NADH-GDH 
was also up-regulated to synthesize α-ketoglutarate (Fig. 2.11).  
Growth of R. albus 8 on peptides showed a different nitrogen metabolism pathway as 
compared to growth on ammonia and urea. Growth on peptides showed higher gene expression 
levels of gdhA, glnA, gltB, amtB, glnK, and ureC and NADH-GDH, NADPH-GDH, and urease 
activities than growth on ammonia and urea. This result indicates that R. albus 8 expresses most 
of genes related to ammonia assimilation for acquiring possible nitrogen source when R. albus 8 
was grown on peptides as a nitrogen source. Peptides are likely transported into the cell and 
subsequently hydrolyzed to amino acids which can subsequently be deaminated or utilized for 
protein biosynthetic activity. At the late log phase, NADPH-GDH was up-regulated to synthesize 
glutamate from ammonia. This suggests that intracellular ammonia concentration was sufficient 
for biosynthesis of glutamate by NADPH-GDH. However, NADH-GDH was down-regulated to 
conserve intracellular pools of glutamate (Fig. 2.10B) for amino acid biosynthesis. 
In conclusion, the enzyme activity and gene transcription evidence presented here 
suggests that gene expression and enzyme activities of R. albus 8 are regulated by nitrogen 
source and the level of ammonia in the growth medium. Enzyme activities and related gene 
expression identified in this study provide insight into the potential role and regulation of the 
nitrogen metabolism enzymes on different nitrogen sources. Further studies in R. albus 8, 
including whole genome transcriptional profiling and related proteomics studies after closure of 
the genome sequence, would help to elucidate the relationship between gene expression, enzyme 
activity and their regulation by the different nitrogen sources.  
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FIGURES AND TABLES 
 
 
FIGURE 2.1. Growth of R. albus 8 on different nitrogen sources: ammonium sulfate (♦), urea 
(■), peptides (▲), or ammonium sulfate plus peptides (×). Data points represent the average of 
triplicate tubes used to measure growth of R. albus 8 at OD 600nm on each nitrogen source. 
Error bars represent standard deviations.   
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FIGURE 2.2. Time course measurement of residual nitrogen source concentration and growth of 
R. albus 8 on different nitrogen sources and concentration. Ammonia (♦) concentration, Urea or 
α-amino acids (▲) and R. albus 8 growth (■) on A) Ammonium sulfate; B) Urea; C) Peptides; D) 
Ammonium sulfate plus peptides. Data points represent the average of triplicate tubes used to 
measure growth of R. albus 8 at OD 600nm on each nitrogen source. Error bars represent 
standard deviations. 
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FIGURE 2.3. Interactions that determine co-regulation among internal control genes (ICG) from 
four microarray experiments. Potential ICG are yellow color. Blue arrow indicates upregulation 
and red arrow indicates down-regulation. TF, unknown transcription factors in each organism. 
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FIGURE 2.4. Average stability of expression ratio values (M = gene stability measure) of 
remaining genes tested during pairwise comparison. Values are reported as stepwise exclusion of 
the least stable control gene. 
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FIGURE 2.5. Determination of the optimal number of control genes for normalization. Y-axis, 
pairwise variation V(Vn/n+1) between normalization factors NFn and NFn+1. X-axis, comparison 
between the use of n or n+1 genes to calculate the normalization factor, V2/3 is the comparison 
between the use of 2 or 3 internal control genes to calculate the normalization factor.  
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FIGURE 2.6. Relative expression levels of selected genes important in ammonia assimilation and nitrogen metabolism in R. albus 8 
grown on different nitrogen sources at early, mid, and late log growth phases. The graphs represent the relative qRT-PCR values after 
normalization with most stable internal control genes from geNorm analysis. Capital letters indicate different nitrogen source: A-
Ammonium sulfate; U-Urea; P-Peptides. The results are the means of three replicates. Error bars represent standard deviations. 
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FIGURE 2.7. Integration of gene expression, enzyme activity, and residual substrate (ammonia or amino acids from peptides) 
concentration of R. albus 8 grown on ammonia or peptides using Principle Component Analysis. PCA was performed after 
normalization of gene expression, enzyme activities, and residual substrates from R. albus 8 grown on A) ammonium sulfate or B) 
peptides by Primer 6 software. Bold arrows indicate nitrogen substrate and dotted lines indicates gene expression and enzyme activity.    
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FIGURE 2.8. Integration of gene expression, enzyme activity, and residual substrate (ammonia 
and urea) concentration of R. albus 8 grown on urea using Principle Component Analysis. PCA 
was performed after normalization of gene expression, enzyme activity, and residual substrate 
concentration from R. albus 8 grown on urea by Primer 6 software. Bold arrows indicate 
nitrogen substrate and dotted lines indicate gene expression and enzyme expression.    
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FIGURE 2.9. Integration of gene expression, enzyme activity, and residual substrate (ammonia 
and urea) concentration of R. albus 8 grown on ammonia, urea, or peptides using Principle 
Component Analysis. PCA was performed after normalization of gene expression, enzyme 
activity, and residual substrate concentration from R. albus 8 grown on ammonia; A (●), urea; U 
(♦), or peptides; P (▲) by Primer 6 software. Bold arrow indicates nitrogen substrate and dotted 
line indicates gene expression and enzyme activity.    
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FIGURE 2.10. Proposed nitrogen regulation model for growth of R. albus 8 on A) ammonia at early and late log phases or B) peptides 
at early and late log phases. Thick arrows indicate up-regulation, thinner arrows indicate constitutive expression and dotted arrows 
indicate down-regulation. Double lines represent possible metabolic pathways. Black lines represent regulated pathways. Yellow 
boxes indicate down-regulation and orange boxes indicate up-regulation. 
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FIGURE 2.11. Proposed nitrogen regulation model for growth of R. albus 8 on urea at early and 
late log phases. Thickness of arrow indicates extent of regulation of genes and enzymes. Thick 
arrows indicate up-regulation, thinner arrows indicate constitutive expression and dotted arrows 
indicate down-regulation. Double lines are possible metabolic pathways. Black lines represent 
regulated pathways. Yellow boxes indicate down-regulation and orange boxes indicate up-
regulation.  
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TABLE 2.1. Primer sequences and corresponding gene annotation used for qRT-PCR analysis of gene expression 
Gene symbol Annotation Primer Gene Sequence 
Nitrogen metabolism 
gdh NADH-glutamate dehydrogenase 
gdh 414F 5 -´CCTGACCAGCCTTCCTATGG -3  ´
gdh 513R 5 -´CATGAAGCTCTGGCAGAAACG-3  ´
gdhA NADPH-glutamate dehydrogenase 
gdhA 324F 5 -´GGGCTTTGAGCAGATCTTCAA -3  ´
gdhA 432R 5 -´TTCTCTGTCGGACTTGCCCTTA -3  ´
glnA Glutamine synthetase, typeI 
glnA 257F 5 -´GCAGGGTGGTGAGGTTTTTC-3  ´
glnA 356R 5 -´CGCGCATATTCAACTGCATT-3  ´
glnN Glutamine synthetase, typeIII 
glnN 749F 5 -´TGTGGAAGCTGGGCATCTATG-3  ´
glnN 848R 5 -´TCAGTGGCGATGTTGGTAGTG-3  ´
gltB Glutamate synthase, large subunit 
gltB 785F 5 -´ATGTATCACGCACGCGAATG-3  ´
gltB 884R 5 -´TATACCAGCTGACGCAGGTCTTC-3  ´
gltD Glutamate synthase, small subunit 
gltD 757F 5 -´GGCAACTCCGCTATGGATGT-3  ´
gltD 856R 5 -´CAGTGATGCTTGCGGCTATATG-3  ´
amtB Ammonium transporter 
amtB 732F 5 -´CACCACCACCAACCTTTCG-3  ´
amtB 831R 5 -´CACCACCACCAACCTTTCG-3  ´
glnK Nitrogen regulatory protein P-II 
glnK 136F 5 -´TATCGCGGCGCTGTTATAGA-3  ´
glnK 235R 5 -´TTCTTGCGGTGTCGATGACA-3  ´
nifH Nitrogenase iron protein 
nifH 418F 5 -´GGCTATGCCGACAAGATATTCG-3  ´
nifH 517R 5 -´CGCGTCCCTTGAAATTATCC-3  ´
ureC Urease, alpha subunit 
ureC 870F 5 -´GGCAGCGTTCCCGAATG-3  ´
ureC 969R 5 -´ATGACACACCATGAGCATATCCA-3  ´
Internal control genes (ICG) 
atpD Beta subunit of membrane ATP synthase 
atpD 776F 5 -´TGGCGGAGTATTTCCGTGAT-3  ´
atpD 875R 5 -´AGCAGAGCCGAAACCTCAGA-3  ´
groEL GroEL protein 
groEL 794F 5 -´AGGTCGGCTACGGCTTCAA-3  ´
groEL 893R 5 -´TTCTGGAGAGCGCTTCTTGTG-3  ´
   infB Initiation factor IF2 
infB 1479F 5 -´CGTTGCAGAGGGTGAAGCA-3  ´
infB 1578R 5 -´GTGACCGGGAGTGTCCAAGA-3  ´
   rpoB RNA polymerase beta-subunit 
rpoB 1624F 5 -´TTTGAAGTCCGCGATGTTCA-3  ´
rpoB 1725R 5 -´GAATGATGCCAGATAGGAGATCAGA-3  ´
   murB UDP-N-acetylenolpyruvoylglucosamine reductase 
murB 389F 5 -´CCTACGGCATACCCGGAAGT-3  ´
murB 488R 5 -´TCAACAGCTCTGCCCAGCTT-3  ´
   pgi Glucose-6-phosphate isomerase 
pgi 580F 5 -´TTCGTTGTGCCTGATGATGTC-3  ´
pgi 679R 5 -´GCATCAATGCGTCGATATCG-3  ´
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TABLE 2.2. Effect of different nitrogen sources on growth of R. albus 8 
Nitrogen source Growth rate (h
-1
)
a
 Maximum cell density (OD600)
b
 
Ammonia 0.082 ± 0.002 1.01 ± 0.009 
Urea 0.081 ± 0.005 0.99 ± 0.045 
Peptides 0.091 ± 0.004 0.71 ± 0.012 
Ammonia + Peptides 0.101 ± 0.002 0.70 ± 0.002 
a Maximum specific growth rate during exponential growth. 
b Maximum cell density are the maximum optical density values over 48 hour culture.   
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TABLE 2.3. Effect of different nitrogen sources on enzyme activities in R. albus 8 
Nitrogen 
source 
Log phase 
GDH GS GOGAT Urease 
nmol/min/mg U/min/mg nmolPi/min/mg nmol/min/mg 
U/min/mg 
NADPH NADH γ-transferase Biosynthetic NADPH NADH 
Ammonia 
Early 5.3
#a
  95.4
#a
 2.2
#c
 2699.9
#c
 0.1  < 0 11.4
#a
 
Mid 5.3
#a
 252.8
*b
  1.0
*b
 953.5
*b
 0.2 0.0 14.0
#a
 
Late 5.7
#a
  329.7
$b
  2.6
$c
 1288.0
*b
  < 0 0.1 24.7
*a
 
Urea 
Early 6.8
#a
  90.0
#a
  0.4
#b
 2378.9
#b
 < 0 < 0 39.7
#b
  
Mid 10.8
*b
  121.7
#a
  0.4
#a
 1094.9
*b
 0.1 0.1 38.9
#b
 
Late 35.5
*b
  292.1
*b
  1.1
*b
  1090.5
*b
 0.0 0.0 68.4
*c
  
Peptides 
Early 7.9
#a
  236.5
#b
 0.2
#a
 632.5
#a
 < 0 0.3 35.5
#b
 
Mid 7.9
#a
  419.8
*c
 0.1
#a
 473.2
#a
  0.2 0.1 50.0
*c
 
Late 40.0
*b
  140.1
$a
 0.0
#a
 547.3
#a
 0.1 < 0 52.1
*b
 
SE 3.7 18.0 0.1 94.0 0.1 0.1 3.0 
a, b, and c denote significant (P<0.05) effect of different nitrogen sources and #, *, and $ denote significant (P < 0.05) effects by different growth phase. 
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TABLE 2.4. qRT-PCR analyses of ten different nitrogen metabolism genes in R. albus 8 on 
different nitrogen sources 
Nitrogen source and gene annotation Gene ORF number 
Gene expression level 
Early Mid Late 
Ammonium sulfate 
     
NADH-glutamate dehydrogenase gdh ORF05208 48.01
#a
 58.61
#b
 82.11
*b
 
NADPH-glutamate dehydrogenase gdhA ORF01430 0.04
#a
 0.05
#a
 0.75
*a
 
Glutamine synthetase, typeI glnA ORF03630 10.97
#a
 10.57
#a
 20.86
*a
 
Glutamine synthetase, typeIII glnN ORF03101 27.58
#a
 37.52
#a
 22.67
#a
 
Glutamate synthase, large subunit gltB ORF01603 0.07
#a
 0.06
#a
 9.44
*a
 
Glutamate synthase, small subunit gltD ORF00448 35.42
#a
 53.46
#b
 106.22
*b
 
Ammonium transporter amtB ORF03103 0.15
#a
 0.43
*a
 35.81
$a
 
Nitrogen regulatory protein P-II glnK ORF03103 0.30
#a
 0.82
#a
 136.17
*a
 
Urease, alpha subunit ureC ORF00134 0.17
#a
 0.22
#a
 16.33
*a
 
Nitrogenase iron protein nifH ORF01085 29.93
#a
 59.32
*b
 95.76
$b
 
Urea 
   
NADH-glutamate dehydrogenase gdh ORF05208 32.59
#a
 31.28
#a
 41.33
#a
 
NADPH-glutamate dehydrogenase gdhA ORF01430 27.51
#c
 18.91
#b
 47.99
#b
 
Glutamine synthetase, typeI glnA ORF03630 14.35
#a
 19.43
#b
 39.35
*b
 
Glutamine synthetase, typeIII glnN ORF03101 36.47
#a
 38.73
#a
 26.36
#a
 
Glutamate synthase, large subunit gltB ORF01603 0.54
#b
 0.64
#b
 11.51
*a
 
Glutamate synthase, small subunit gltD ORF00448 35.33
#a
 39.63
#b
 59.36
*b
 
Ammonium transporter amtB ORF03103 3.23
#b
 4.69
#a
 35.95
*a
 
Nitrogen regulatory protein P-II glnK ORF03103 6.46
#b
 11.96
#b
 124.41
*a
 
Urease, alpha subunit ureC ORF00134 3.24
#a
 5.23
#b
 34.59
*a
 
Nitrogenase iron protein nifH ORF01085 27.80
#a
 37.11
#b
 90.28
*b
 
Peptides 
   
NADH-glutamate dehydrogenase gdh ORF05208 76.08
#b
 69.79
#b
 20.36
*a
 
NADPH-glutamate dehydrogenase gdhA ORF01430 1.21
#b
 218.44
*c
 496.11
$c
 
Glutamine synthetase, typeI glnA ORF03630 57.23
#b
 274.46
*c
 386.53
*c
 
Glutamine synthetase, typeIII glnN ORF03101 32.57
#a
 111.41
*b
 137.52
*b
 
Glutamate synthase, large subunit gltB ORF01603 5.54
#c
 412.94
*c
 459.02
*b
 
Glutamate synthase, small subunit gltD ORF00448 21.10
#a
 19.58
#a
 20.41
#a
 
Ammonium transporter amtB ORF03103 8.67
#c
 354.43
*b
 451.29
*b
 
Nitrogen regulatory protein P-II glnK ORF03103 7.40
#b
 202.98
*c
 244.40
*b
 
Urease, alpha subunit ureC ORF00134 7.93
#a
 351.04
*c
 409.44
*b
 
Nitrogenase iron protein nifH ORF01085 15.49
#a
 14.86
#a
 20.02
#a
 
a, b, and c denote significant (P<0.05) effect of different nitrogen sources and #, *, and $ denote significant (P < 0.05) effects by different growth 
phase. 
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TABLE 2.5. Differences in AA composition overtime growth of R. albus 8 on peptides as the 
sole nitrogen source 
 Time (hour) 
AA 0 11 15 18 24 
 μM of AA 
Ala 116.6 143.5 128.2 133.8 116.6 
Asn 8.1 6.2 10.4 5.0 8.1 
Asp 68.9 75.7 84.1 55.8 68.9 
Cys 16.1 20.3 19.9 19.7 16.1 
Glu 374.8 401.4 370.8 378.0 374.8 
Gly 101.9 104.4 89.9 97.0 101.9 
His 15.1 28.7 20.4 18.7 15.1 
Ile 224.8 278.6 308.1 243.1 224.8 
Leu 193.5 247.7 240.7 198.1 193.5 
Lys 42.9 43.4 40.8 38.6 42.9 
Met 63.1 74.0 64.0 107.3 63.1 
Phe 272.1 341.4 280.5 265.4 272.1 
Pro 535.4 610.8 589.5 475.8 535.4 
Ser 59.8 65.3 63.5 63.7 59.8 
Thr 18.6 23.6 21.8 22.5 18.6 
Tyr 58.1 62.2 49.1 46.6 58.1 
Val 235.0 293.2 294.0 238.0 235.0 
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CHAPTER 3 
PURIFICATION, CHARACTERIZATION, AND EXPRESSION OF MULTIPLE 
GLUTAMINE SYNTHETASES FROM Prevotella ruminicola 23  
 
ABSTRACT 
The Prevotella ruminicola 23 genome encodes three different glutamine synthetase (GS) 
enzymes; Glutamine synthetase I (GSI; ORF02151), GSIII-1 (ORF01459), and GSIII-2 
(ORF02034). GSI, GSIII-1 and GSIII-2 have each been heterologously expressed and purified 
from E. coli. The molecular weight of GSI was 56 kDa and GSIII-1 and GSIII-2 were both 83 
kDa. The conditions for optimum γ-glutamyl transferase  activity were found to be 35ºC at pH 
5.6 with 0.25 mM Mn
2+ 
ions (GSI) or 37ºC at pH 6.0 (GSIII-1 and GSIII-2) with 0.50 or 1.00 
mM Mn
2+ 
ions, respectively. GS biosynthetic activity was found to be optimal at 60ºC at pH 7.0 
with 10 mM Mn
2+ 
ions (GSIII-1) or 50ºC at pH 6.8 with 10 mM Mn
2+ 
ions (GSIII-2), while GSI 
displayed no GS biosynthetic activity. Kinetic analysis revealed Km values for glutamate and 
ammonium as well as the hydrolysis of ATP, to be 8.58, 0.48, and 1.91 mM, respectively, for 
GSIII-1 and 1.72, 0.43, and 2.65 mM, respectively, for GSIII-2. qRT-PCR revealed GSIII-2 to be 
significantly induced by high concentrations of ammonia and this corresponded with increases in 
GS activity.  
  Collectively, these results shows that the all GS enzymes to be functional. However, 
based on expression under non-limiting ammonia concentration and genome context clustered 
with GOGAT, GSIII-2 is thought to play an important role in the acquisition and metabolism of 
ammonia.  
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INTRODUCTION 
 Recent taxonomic re-evaluation of bacterial strains formerly defined as Bacteroides 
ruminicola has divided them into four species: P. ruminicola and three new species: P. bryantii, 
P. albensis, and P. brevis (4, 34). Prevotella spp. are recognized as one of the most abundant 
bacterial phyla inhabiting the rumen (38, 40). Within the rumen these bacteria make significant 
contributions to protein and carbohydrate metabolism (24, 37). Despite the important 
contribution of these organisms to these physiologically crucial processes, little is known about 
nitrogen metabolism and its regulation within these bacteria.  
One enzyme with a particularly important role in nitrogen metabolism is Glutamine 
synthetase (GS). GS catalyzes the formation of glutamine from glutamate and ammonia and then 
glutamate synthase (GOGAT) converts glutamine to glutamate when cells are ammonia limited 
(17, 30). GS is usually most active under ammonia-limiting conditions (6, 16). GS activity is 
ATP dependent and is highly regulated by changes in ammonia concentration and inhibited by 
the cumulative feedback of alanine, glycine, serine, AMP, carbamoyl phosphate, CTP, 
glucosamine-6-phophate, histidine, and tryptophan (15). GS enzymes are divided into three 
families based on the different molecular weights of their subunits and structures (GSI, GSII, and 
GSIII). GSI, encoded by glnA, is a dodecameric enzyme composed of identical subunits (Mr 
around 55 kDa) and is found exclusively in bacteria and archaea (7, 43). The regulation and 
structure of typical GSI in enterobacteria are well studied (2, 15, 26).GSII, encoded by glnII is a 
homeoctamer that is commonly isolated from plant symbiotic bacteria; Rhizobium japonicum, 
Frankia sp., Agrobacterium, and Streptomyces hygroscopicus (8, 13, 18, 25, 33). GSII is an 
octameric enzyme of identical subunit (Mr around 36 kDa). Sequence of GSII shows highly 
homologous to eukaryotic GS and this GSII represent lateral gene transfer from plant to bacteria 
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(8). GSIII, first described in Bacteroides fragilis (23), also assembles as a homododecamer, 
comprising larger subunits (Mr around 75 kDa) than GSI or GSII (3, 35, 41). GSIII have been 
identified in Butyrivibrio fibrisolvens, R. albus 8, and some cyanobacteria (3, 12, 21, 32). Four 
conserved regions have been indentified from GSI, GSII, and GSIII proteins. Additionally, four 
typical conserved regions have been identified in GSIII proteins (12).  
Based on bioinformatic analysis, three genes encoding glutamine synthetase (one GSI; Mr 
around 56.0 kDa and two GSIII enzymes; Mr around 83.0 kDa) were identified in the genome of 
P. ruminicola 23. Here we describe the biochemical characterization of each of the three 
glutamine synthetase and based on our findings discuss the role of P. ruminicola’s glutamine 
synthetases in ammonia assimilation.  
 
MATERIALS AND METHODS 
Organism and culture conditions. Prevotella ruminicola strain 23 was kindly provided by M. 
A. Cotta, USDA-ARS, and Peoria, IL. The bacterial cultures were grown anaerobically at 37ºC 
in modified medium 2 of Hobson (24) containing 30% rumen fluid and 0.2% glucose, 0.2% 
cellobiose, and 0.2% maltose under CO2:H2 (95:5, v/v).  
 
Continuous culture.  A two phase ammonia rich and limiting condition continuous culture of P. 
ruminicola 23 was maintained with glucose (5 g/l) and nitrogen free defined medium (31) with 
10 mM (NH4)2SO4 or 0.7 mM (NH4)2SO4. Continuous cultivation was conducted using a Biostat 
B fermentor (B. Braun Biotech Inc., Allentown, PA) and working volume of 1L. The continuous 
culture was maintained at 38.7ºC ± 0.4ºC and pH 6.7 ± 0.01. The culture was constantly agitated 
using a turbine impeller at 300 rpm. Anaerobicity was maintained with a continuous flow of O2-
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free CO2, which passed through a sterilized 0.22 μm air filter. Growth was initiated by growth in 
batch culture for 12 hours with 10 mM (NH4)2SO4 supplementation. After this time, continuous 
culture progressed at a dilution rate of 0.017 h
-1
. One liter samples were taken in triplicate from 
both high ammonia (10 mM) and low ammonia (0.7 mM) conditions over a 24 h period after 
steady state was reached following a four volume (94%) turnover.  
 
Genomic DNA isolation. Genomic DNA was isolated from an overnight culture of P. 
ruminicola 23 using a previously described method (42). The genomic DNA was stored at -20ºC. 
The concentration of the DNA was determined by Nanodrop (NanoDrop Technologies, 
Wilmington, DE).  
 
PCR amplification. Primers were designed to include 5’ NdeI site in the forward primers and a 
5’ XhoI (GSI & GSIII-2) or BsaBI (GSIII-1) in the reverse primers (primers listed Table 
3.1).These primers were used to amplify the GSI, GSIII-1, and GSIII-2 genes from genomic 
DNA isolated from P. ruminicola 23. PCR cycles were performed with the pfu DNA polymerase 
(Takara Bio.Inc., Madison, WI) according to the manufacturer’s instructions. Samples were 
amplified using the following program: Hot start at 94ºC for 2 min, preheating at 94ºC for 30 
sec, 30 cycles for denaturation 94ºC for 10 sec, annealing temperature of 55ºC for 30 sec, 
extension at 72ºC for 45 sec and final extension at 72ºC for 7 min for GSI and preheating at 94ºC 
for 30 sec, 30 cycles for denaturation 94ºC for 10 sec, annealing temperature of 55ºC for 30 sec, 
extension at 72ºC for 65 sec and final extension at 72ºC for 7 min for GSIII-1 and 2. The purity 
and integrity of the amplified products were determined by visual inspection following 
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separation on a 1 % agarose gel. The amplified GSI, GSIII-1, and GSIII-2 were gel purified and 
isolated using the Gel extraction Kit (Qiagen, Valencia, CA). 
The purified genes were cloned into pGEM-T cloning vectors (pGEM-T Easy Vector 
System I, Promega, WI). The clones with DNA inserts were identified by colony PCR using 
primers pUC/M13-F and pUC/M13-R (W. M. Keck Center for Comparative and Functional 
Genomics at the University of Illinois at Urbana-Champaign) and purified using a QIA Spin 
Miniprep Kit (Qiagen, Valencia, CA). Purified plasmid DNAs were excised from the pGEM-T 
vectors using NdeI and XhoI (or BsaBI for GSIII-1) restriction enzymes and ligated into a 
modified pET28a expression vector. 
 
Gene expression and protein purification. Epicurian E. coli BL21 CodonPlus
®
 (DE3) RIL 
competent cells (Stratagene, La Jolla, CA) were transformed using 100 ng of plasmid DNA by 
heat shock at 42ºC for 30S. The cells were then spread on LB plates, with ampicillin (100 μg/ml) 
and chloramphenicol (50 μg/ml) for GSI and GSIII-2 and ampicillin (100 μg/ml) and kanemycin 
(30 μg/ml) for GSIII-1 and incubated overnight at 37ºC. Since the competent cells carry the gene 
resistant to chloramphenicol, a single colony was picked and incubated in 500 µl LB media 
supplemented with ampicillin and chloramphenicol or ampicillin and kanemycin with the same 
concentrations as mentioned before. The cells were cultured at 37ºC on a rotary shaker until an 
OD600 of 0.3 at which time, isopropyl-β-D-thiogalactopyranoside (IPTG) was added at 1mM to 
induce gene expression and protein production. The cells were then further incubated for 16 h at 
16ºC on a rotary shaker. The cells were harvested and then resuspended in lysis buffer (50 mM 
Na Phosphate pH 7.0 and 300 mM NaCl), and lysed using a French pressure cell (American 
Instrument Co., Silver Spring, MD). The cell debris was removed by centrifugation. The 
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histidine-tagged recombinant protein was purified using a cobalt-charged affinity resin and 
eluted into an elution buffer comprising 50 mM Na Phosphate pH 7.0, 300 mM NaCl and 150 
mM Imidazole. The GS fractions were then dialyzed against buffer A (50 mM Tris pH8.0, 50 
mM NaCl, 0.1 mM EDTA, 0.5 mM DTT, and 10 % glycerol), as previously described (3). 
 Cytoplasmic proteins for analysis GS activity from continuous culture were isolated 
using a previously described method (14). Briefly, the cells were harvested by centrifugation, 
washed, and disrupted by sonication. Cell debris was removed by centrifugation. Supernatants 
were then ultracentrifuged in a fixed angle rotor at 105,000 × g at 4ºC, giving membrane free 
cytoplasmic proteins.  
 
Size exclusion chromatography. The purified GSI, GSIII-1 and GSIII-2 proteins were dialyzed 
against a buffer composed of 50 mM Na phosphate (pH 7.0), and 150 mM NaCl and injected 
into a Superose 12 HR 10/30 gel filtration column (Amersham Biosciences, Piscataway, NJ) 
already equilibrated with the same buffer at a flow rate of 0.4 ml/min. Fractions were collected 
with an automated fraction collector and aliquots were analyzed by SDS-PAGE.  
 
Enzymatic characterization of the GSIII protein. The characterization was carried out by the 
γ-transferase (5) and biosynthetic assays (9, 19, 20), as previously described. The γ-transferase 
assay is used to measure the total amount of GS present. The assay mixture and glutamine 
solutions were prepared immediately prior to use to avoid the breakdown and release of 
ammonia in the growth media. The assay mixture contained 135 mM imidazole-HCl (pH 6.0), 18 
mM hydroxylamine-HCl, 25 mM K-arsenate, 1 mM MnCl2, 0.36 mM Na-ADP and 10 μg GSI, 
GSIII-1, or GSIII-2. 
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The mixture was equilibrated at 37ºC for 5 min and the reaction was initiated by adding 
50 μL of 200 mM L-glutamine (final concentration of 20 mM), giving a final assay volume of 
500 μL. The reaction was stopped following a 10 min incubation with 1 mL of stop mix (5.5% 
FeCl3.6H2O (w/v), 2% Trichloroacetic acid (w/v), and 25 N HCl), then centrifuged for 5 min at 
10,000 × g to remove precipitates. The product (formation of γ-glutamyl-hydroxamate) was 
measured spectrophotometrically by absorbance at 540 nm where 1 μmole of γ-glutamyl-
hydroxamate had an absorbance of 0.278. A reaction mixture without GS enzyme served as the 
blank.  
 
 Mn2
+ 
+ ADP  
Hydroxylamine + L-Glutamine + ATP  L-γ-glutamyl-hydroxamate + ammonia 
 Potassium arsenate  
 
The assay mixture for the biosynthetic reaction (measures the ability of the GS to form 
glutamine through the Pi released from ATP) consisted of 100 mM MOPS (pH 7.5), 50 mM 
MgCl2∙6H2O, 250 mM L-glutamate, 50 mM NH4Cl to which approximately 10 µg of GSI, 
GSIII-1, or GSIII-2 was added. The 90 μl of mixture was equilibrated at 37ºC for 5 min. and the 
reaction was initiated by adding 10 μl of 0.1 M ATP (final concentration of 10 mM) in a total 
volume of 100 μl. The 25 μl of reaction was transferred after 5 min to microtiter plate and 75 μl 
of solution D (2:1 mixture of 12% L-ascorbic acids in 1N HCl and 2% (NH4)6Mo7O24∙4H2O) was 
added. The reaction was stopped after a 5 min incubation by the addition of 75 μl of stop color 
development solution F (2% sodium citrate tribasic dehydrate, 2% CH3COOH, and 2% NaAsO2). 
The solution was then incubated for 15 min at 37ºC to enable the color to fully develop. The 
inorganic phosphate product was measured spectrophotometrically at 850 nm as for the 
biosynthetic assay. GS specific activity is expressed as nmolPi/μg/min. 
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                    Mn
2+
  
L-Glutamate + NH4
+ 
+ ATP  L-Glutamine + ADP + Pi + H
+
 
 
 
Kinetic characterization. The concentration of the substrate for which the affinity was to be 
calculated was changing while keeping the concentration of the other substrates in excess. Km 
was determined by γ-transferase with varying the concentration of glutamine from 1.0 to 40 mM, 
that of ADP from 0.1 to 2.0 mM, and that of hydroxylamine-HCl from 0.5 to 20 mM.  Km was 
also analyzed for all the three substrates, glutamate, ATP, and ammonia by biosynthetic assay. 
Glutamate from 0.5 to 300 mM, ATP from 0.1 to 20 mM, and ammonia from 0.5 to 25 mM were 
used. Double reciprocal Lineweaver-Burk plot was applied to calculate the Km values for the 
reactions that followed Michaelis-Menten Kinetics.  
 
ATPase activity. ATP hydrolysis was assayed using 1 nM of nonradioactive ATP, and 170 nM 
[γ-32P] ATP. The mixture was equilibrated at 37ºC for 5 min, then initiated by the addition of 
0.5, 1 and 2.0 μg GSI, GSIII-1, or GSIII-2 protein respectively. The reaction was incubated at 
37ºC for 10 min, and then terminated by the addition of 2 μl of 0.5 M EDTA (pH 7.5). 1 μl of the 
reaction product were spotted on a polyethyleneimine-cellulose thin layer plate (Merck, 
Darmstadt, Germany). The product was subjected to thin layer chromatography with 1M LiCl 
and 0.5 M formic acid buffer. The plate was exposed to a phosphorimaging plate and scanned 
using a phosphorimager (BAS-1800 II, Fuji).  
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ATPase kinetic analysis. ATP hydrolysis was monitored spectrophotometrically by coupling 
ATP hydrolysis to NADH oxidation using a Cary 300 bio UV-Visible spectrophotometer, as 
previously described (1). Briefly, the ATPase activity was coupled with oxidation of NADH to 
NAD
+
, which can be monitored by changes in absorbance at 340nm. Assay mixtures contained 
100 mM MOPS (pH 7.5), 250 mM Sodium glutamate, 10 mM MnCl2, 50 mM NH4Cl, 6 mM 
MgCl2, 2 mM PEP, 0.2 μg/μl NADH, pyruvate kinase/lactic dehydrogenase (PK/LDH) (30 
units/ml) (Sigma Aldrich, St. Louis, MO), 0.1 mg/ml bovine serum albumin, and the 
concentrations of ATP determined in the procedure above. The reaction was initiated by the 
addition of 25 nM of GSIII-1 or 50 nM GSIII-2 after pre-incubation of all other components at 
37ºC for 5 min. The rate of ATP hydrolysis was calculated from the rate of change in absorbance 
at 340 nm over 90 min.  
 
RNA extraction and purification. Total RNAs were isolated from P. ruminicola 23 cells grown 
on high (10 mM) or low (0.7 mM) concentrations of ammonia. Cell pellets were frozen under 
liquid N2 and ground using a pre-chilled (-20ºC) mortar and pestle. Trizol (Invitrogen Corp., 
Carlsbad, CA) was added to the ground cell pellets. Protein was removed by precipitation with 
chloroform and total RNAs were subsequently precipitated with isopropanol, and resuspended 
with DEPC-treated water. The RNA was purified with Qiagen RNeasy Cleanup kit (Qiagen, 
Valencia, CA) following the manufacturer’s protocol. RNA concentrations and quality were 
determined by measuring the absorbance ratio A260/A280 with Nanodrop (NanoDrop 
Technologies, Wilmington, DE) and an RNA 6000 NANO assay using an Agilent 2100 
bioanalyzer (Agilent Technologies, Palo Alto, CA). Only RNA with an A260/A280 ratio of >1.9 
and RIN >9.0 was used for cDNA synthesis.   
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Quantitative real-time PCR assay (qPCR). For RT-qPCR cDNA was generated using the 
Superscript III first-strand synthesis system (Invitrogen, Carlsbad, CA) with random hexamers.  
Each cDNA was synthesized from 100 ng of total RNA following the manufacturer’s protocol. 
The cDNA was then diluted 1:4 with DNase/RNase free water. The qPCR was performed using 
SYBR Green I (Applied Biosystems, Foster city, CA) with an ABI Prism 7900 High Throughput 
Sequence Detection System. 4 μl of cDNA was mixed with 5 μl SYBR Green master mix 
(Applied Biosystems, Foster City, CA), 0.4 μl of each forward and reverse primer (Table 3.1), 
and 0.2 μl of DNase-RNase free water. Each sample was run in triplicate along 6 point relative 
standard curve of internal control genes; constitutive genes (atpD; ORFB01230, infB; 
ORFB02450, and rpoB; ORFB02217) from cDNA microarray plus non-template control (NTC). 
The qPCR reactions were performed with the following conditions: 50 ºC for 2 min, 95ºC for 10 
min, and 40 cycles of 95ºC for 15 s and 60ºC for 1 min. In addition, to verify the presence of a 
single PCR product a dissociation protocol using incremental temperatures to 95ºC for 15 s plus 
65ºC for 15 s was performed. Data were analyzed using the SDS software version 2.2.1. 
(Applied Biosystems, Foster City, CA) using the six point standard curve.  
 
Phylogenetic analysis. All of the protein sequences were retrieved from GenBank and GS 
sequences of P. ruminicola 23 were obtained from P. ruminicola 23 genome databases 
(http://jcvi.org/rumenomics/). Protein sequences were aligned using ClustalX (version 1.83), and 
the program generated an unrooted neighbor jointing tree (39). Phylogenetic tree was 
manipulated by using TreeView (version 1.4) (http://taxonomy.zoology.gla.ac.uk/rod/rod.html). 
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All 16S rRNA sequences were obtained from GenBank and Phylogenetic tree was 
constructed by RDP online (http://rdp.cme.msu.edu/) using the Weighbor weighted neighbor-
jointing tree building algorithm (11)    
 
RESULTS 
Amino acid sequence alignment. Three GS encoding genes (GSI; 501 aa, GSIII-1; 730 aa and 
GSIII-2; 737 aa) were identified bioinformatically in the P. ruminicola 23 genome. P. ruminicola 
23 GSI, GSIII-1 and -2 were aligned with other characterized and GSI and GSIII proteins. The 
alignments among GS proteins showed that GSI is very divergent with GSIII proteins  while 
GSIII-1 and GSIII-2 showed high similarity (GSI vs. GSIII-1; 6 %, GSI vs. GSIII-2; 5 %, and 
GSIII-1 vs. GSIII-2; 79 %). The alignments were consistent with organismal phylogeny (16S 
rRNA similarities; P. ruminicola 23 vs. P. bryantii B14: 87%, P. ruminicola 23 vs. Bacteroides 
fragilis YCH46: 83 %, and P. ruminicola 23 vs. B. thetaiotamicron VPI-5482: 82%)(Fig. 3.4) 
with the P. ruminicola 23 GSI being most similar to a type I GS from B. fragilis YCH46 
(BF2249, accession no.YP_099530; 77% identity), but much more divergent from those found in 
Mycobacterium tuberculosis, E. coli and Salmonella typhimurium (28 %, 24 % and 23 % 
identical respectively; Figs. 3.1 and 3.3).  Likewise, GSIII-1 and GSIII-2 of P. ruminicola 23 
aligned best with the GSIII from P. bryantii B14 (accession no. AAL87245; 81 % and 77 % 
identical respectively), but less well with those found in Ruminococcus albus 8 and R. 
flavefaciens FD-1, Synechococcus sp. and Psychromonas ingrahamii 37 (47 %, 44 %, 43 % and 
43 % respectively for GSIII-1 and 48 %, 47 %, 43 %, and 41 %, respectively for GSIII-2; (Figs. 
3.2 and 3.3)).   
Alignment of GSI of P. ruminicola 23 allowed for the identification of all five conserved 
regions common to GS families (2, 41) (motifs I, II, III, IV and V; Fig. 3.1). Alignment of GSI 
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with characterized orthologues from Mycobacterium tuberculosis, E. coli, Salmonella 
typhimurium, and Synechocystis sp. PCC 6803 revealed ten insertions in motif II and 
substitutions in the ATP binding site (motif III). In contrast alignment of GSIII-1 and GSIII-2 
with GSIII-family enzymes of Ruminococcus albus 8 and Synechococcus sp. PCC 7942 revealed 
strong sequence conservation through all motifs (Fig. 3.2).  
 
Expression and purification of the recombinant. GS enzymes (GSI, GSIII-1, and GSIII-2) 
from P. ruminicola 23 were heterologously expressed and purified in E. coli (Fig. 3.6). SDS-
PAGE showed expressions of protein with a molecular size consistent with that expected for GS 
proteins of P. ruminicola 23 (GSI; 56.0 kDa, GSIII-1 and -2; 83.0 kDa). P. ruminicola 23 GS 
proteins were purified by using anionic exchange followed by cobalt affinity column. The results 
of the purification procedure are summarized in Table 3.3.  
 
Subunit organization of recombinant GS of P.  ruminicola 23 The subunit organization of the 
purified GS III-1 and -2 proteins were estimated by gel filtration analysis. Samples were taken 
from the beginning to the end of each peak and analyzed by SDS-PAGE analysis. Two peaks 
were observed for GS III-1 (Fig. 3.7) and one peak were observed for GS III-2 (Fig. 3.8). The 
estimated sizes of the peaks observed for GSIII-1 were 1339.0 ± 5.0 kDa and 133.0 ± 2.0 kDa, 
while that observed for GSIII-2 was estimated to be 230.0 ± 33.2 kDa. GSIII-1 and -2 monomers 
were both predicted to be ~83 kDa, suggesting III-1 aggregates in solution as dodecamers and 
dimers, while GSIII-2 likely as a trimer.  
 
88 
 Characteristics of GS activities. Optimal GS proteins conditions of P. ruminicola 23 are 
shown in Table 3.4.  P. ruminicola’s GSI displayed optimal γ-transferase activity at 35ºC, while 
GSIII-1 and -2 γ-transferase activities were both optimal at 37ºC. In all cases the activities were 
drastically decreased above 50ºC (Fig. 3.9C). The optimum pH of GSI was determined to be pH 
5.6, with little activity observed below pH 5.2 and above pH 5.6 (Fig. 3.9D). Conversely, GSIII-
1 and -2 were most active between pH 5.6 and 7.2, both having a pH optima of 6.0. The γ-
transferase activity of all three enzymes (GSI, GSIII-1 and GSIII-2) were only observed in the 
presence of Mn
2+
 ions and were not detected in the presence of Mg
2+
, Cu
2+
, Co
2+
, or Ca
2+
. The 
optimal concentrations of Mn
2+
 ions for GSI, GSIII-1 and GSIII-2 γ-transferase activities were 
0.25, 0.5 and 1 mM, respectively, with concentrations below 0.25 mM being inhibitory (Fig. 
3.9B).  
Biosynthetic activity was detected for GS enzymes of P. ruminicola 23. However, no GS 
biosynthetic activity of GSI was detected with any cation. Therefore, optimization of GS 
biosynthetic activity of GSI for optimal cation, cation concentration, temperature, and pH was 
not determined.  The biosynthetic activity of GSIII-2 was dependent on the presence of Mn
2+
, 
Fe
2+
, Co
2+
 or Mg
2+
, with maximum activity observed in the presence of Mn
2+
. The biosynthetic 
activity of GSIII-1 was detected in the absence of a metal cation, however, the enzyme was 
stimulated by Mn
2+
 and to lesser extents by Fe
2+
, Co
2+
, Mg
2+
 and Ca
2+
 (Fig. 3.10A). The optimal 
concentrations of Mn
2+
 for the biosynthetic activities of GSIII-1 and -2 were both 10 mM, with 
no biosynthetic activity observed below 5mM (Fig. 3.10B). The optimum temperatures for 
biosynthetic activity of GSIII-1 and -2 were both 50ºC, although both enzymes appeared stable 
up to 70ºC. The biosynthetic activity of GSIII-1 had a pH optimum of pH 7.0, while that of 
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GSIII-2 was shown to be pH 6.8. The biosynthetic activity of both GSIII enzymes appeared 
stable between pH 5.2 and 8.0 (Fig. 3.10D).      
 
Kinetic properties. The kinetic parameters of the γ-transferase and biosynthetic activities of 
GSIII-1 and -2 were assessed in. For the γ-transferase assay of GSI the calculated apparent Km 
for ADP was 0.45 mM, 2.70 mM for hydroxylamine-HCl and 1.93 mM for L-glutamine 
respectively. The Km values of GSI for the substrates in the biosynthetic assay were not 
detectable. For the γ-transferase assay of GSIII-1 the calculated apparent Km for ADP was 0.06 
mM, 2.04 mM for hydroxylamine-HCL and 1.30 mM for L-glutamine respectively. The Km 
values of GSIII-1 for the substrates in the biosynthetic assay were 8.58 mM for glutamate, 1.91 
mM for ATP, and 0.48 mM for ammonia. The apparent Km of GSIII-2 γ-transferase assay are 
0.62 mM for glutamine, 0.07 mM for ADP, and 1.92 mM for hydroxylamine-HCl and Km of 
biosynthetic assay are 1.72 mM for glutamine, 2.65 mM for ATP, and 0.43 mM for ammonia 
(Table 3.5).  
 
ATPase activity. ATP hydrolysis is an important component of the biosynthetic reaction. We 
tested GSI, GSIII-1, and -2 from P. ruminicola for their abilities to hydrolyze ATP. Different 
GSI, GSIII-1, or -2 concentrations were used to detect the effect of increasing the concentration 
on ATP hydrolysis (Figs. 3.11, 3.12, and 3.13). GSIII-1 and -2 gave the highest ATP hydrolysis 
activities. Therefore, 0.5 μg, 1.0 μg, and 2.0 μg of GSI and 25 ng, 50 ng, and 100 ng of GSIII-1 
and -2 were used for ATP hydrolysis. Increasing GSI and GSIII-1 did not increase ATP 
hydrolysis (Fig. 3.12 and 3.13). However, increasing the GSIII-2 concentration increased ATP 
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hydrolysis in a concentration dependent manner (Fig. 3.13). These results demonstrate a high 
ATPase activity associated with GSI, GSIII-1, and -2.  
 
Transcriptional regulation and GS enzyme activities on continuous culture. Transcription 
levels of three different GS encoding genes were analyzed by qRT-PCR from a continuous 
culture of P. ruminicola 23 before and after a shift in ammonia concentration from non-limiting 
(10 mM) to limiting (0.7 mM). On non-limiting concentrations of ammonia, GSIII-2; 
ORFB02034 was increased 71.3 fold (Table 3.6). On the other hand, GSI and GSIII-1 were not 
significantly increased on non-limiting concentrations of ammonia (GSI; 1.9 fold and GSIII-1; 
1.7 fold).  
 The biosynthetic activity of GS was around two fold higher during growth of P. 
ruminicola in a high concentration of ammonia compared to a low ammonia concentration. No 
GSI biosynthetic activity was detected during this study. Therefore, GS activity of this study may 
represent GS type III activity in P. ruminicola 23. Interestingly, this study revealed up regulation 
of GSI, GSIII-1, and -2 and higher GS activity on non-limiting ammonia. Specially, GSIII-2 
showed 71.3 folds upregulation. These results may suggest that GSIII-2 has important function 
on ammonia assimilation and non-limiting ammonia.  
 
DISCUSSION 
 Glutamine synthetase is major pathway for glutamine synthesis and is ubiquitous in 
bacteria. GSI is widely distributed in prokaryotes (30) while GSIII has only been found in 
cyanobacteria and some anaerobic bacteria in the rumen and human gut such as Bacteroides 
91 
fragilis, B. thetaiotaomicron, Butyrivibrio fibrisolvens, and Ruminococcus albus 8 (3, 21, 23, 
36).   
Three different GS proteins were identified in the genome sequence of P. ruminicola 23; 
one GSI and two GSIII family GS enzymes. However, the roles and properties of these enzymes 
in P. ruminicola 23 were not clear.  The predicted GS amino acid sequences were compared with 
those of biochemically validated and putative GS type I and type III proteins in the available 
databases. GSI of P. ruminicola 23 being 77% identical to the GSI of B. fragilis YCH46, while 
GS III-1 and -2 were strikingly similar to the GSIII observed in P. bryantii. Phylogenetic 
analysis (Fig. 3.3) supports a vertical path of descent for these enzymes.  However, amino acid 
sequence alignment of GSI revealed insertions in motifs II (an active site β-barrel) and III (the 
ATP-binding site), compared to characterized GSI proteins (Fig. 3.1). On the other hand, GSIII-1 
and GSIII-2 displayed strong conservation of all five GS conserved regions and four GS type III-
specific conserved regions (12, 41). These alignments, supported by GS biosynthetic activity of 
GSI and the two GSIIIs, suggest important roles of P. ruminicola 23 GSIII proteins in nitrogen 
metabolism, but suggest GSI is no longer essential to ammonia assimilation and no longer 
functions as a GS. A previous study of GS in Mycobacterium tuberculosis demonstrated that 
only one of four GS enzymes was essential to GS activity in M. tuberculosis (22). Interestingly, 
despite GSI having no biosynthetic activity it still has ATPase activity. This may indicate the 
GSI activity has only recently been lost in P. ruminicola, possibly through a reduced selective 
pressure mediated by the duplication of GSIII (as compared to P. bryantii). This is interesting 
from an evolutionary perspective as GSI, which has retained ATPase activity, now provides a 
base for evolving a new function. Interestingly, glnN; ORFB02034 encoding GSIII-2 is adjacent 
to gltD and gltA encoding GOGAT (Fig. 3.5 and Table 3.2). This glnN gene cluster also suggests 
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possible function of GSIII-2 in ammonia assimilation pathway as part of the GS-GOGAT 
system.       
Enzymatic characterization of the three GS enzymes of P. ruminicola 23 was carried out 
to define the optimal conditions for the enzymatic activity. The conditions found to confer 
optimal activity in the GS enzymes were found to be within the environmental parameters of the 
rumen where the habitat of P. ruminicola 23.  
The binding affinity of the GSIII-1 and -2 to different substrates such as glutamate, ATP, 
and NH4
+
 was determined. Two GSIII proteins showed contrasting affinity for glutamate 
between two GSIII (8.58 mM; GSIII-1 and 1.72 mM; GSIII-2) and these affinities are lower 
affinity for glutamate with other GS proteins (29). However, the apparent Km value for ATP 
showed higher affinity (1.91 mM; GSIII-1 and 2.65 mM; GSIII-2) compared to R. albus 8, while 
Km value for ATP (4.5 mM) showed lower affinity compared with R. albus 8 (3).  GSIII proteins 
showed a low Km value for ammonia (0.48 mM; GSIII-1 and 0.43 mM; GSIII-2) and similar with 
GS of E. coli (0.6 mM) (28). These kinetic values show that GSIII-1 may have a minor 
biosynthetic role in vivo due to low affinity for glutamate.  
Transcriptional analysis and enzyme activities of GSI and two GSIII during continuous 
culture of P. ruminicola with high and low concentrations of ammonia (10 mM to 0.7 mM) 
revealed regulation of GS activity occurs both at the level of transcription as well as post-
transcriptionally during ammonia assimilation. GSIII-2 was significantly up-regulation (71.3 
folds; qRT-PCR) while GSI and GSIII-1 were not significantly affected.  
Our research demonstrated that the novel GS enzyme in P. ruminicola 23. We described 
P. ruminicola 23, which lacked GSI, expressing high levels of GS and up-regulation of glnA 
(ORFB02034) encoding GSIII-2 on high concentration of ammonia (10 mM). The regulation of 
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glnA expression and GS activity in P. ruminicola 23 by ammonia concentration is divergent with 
aspect with described GSIIIs in B. fragilis Bf-1, B. fibrisolvens, R. albus 8, Pseudanabaena sp. 
PCC 6903, Synechocystis sp. PCC 6803, and Synechococcus sp. PCC 7942; high activities and 
high expressions grown under limited ammonia  (3, 10, 12, 21, 32, 36). 
 Here we have presented biochemical evidence suggesting that the GSIII-1 and -2 of P. 
ruminicola 23 play an important role in ammonia assimilation. Additionally, transcriptional 
evidence suggests GSIII-2 is important for growth of the organism in high concentrations of 
ammonia. These results contrast with previous observations (6, 12, 16, 27), which have found the 
GS system to be important to ammonia assimilation under nitrogen and ammonia limiting 
conditions.  
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FIGURES AND TABLES 
 
FIGURE 3.1. Amino acid sequence alignment of biochemically characterized GSI protein. 
Motifs I, II, III, IV and V are conserved throughout the GS proteins (types I, II, and III). These 
conserved sites represent β-sheets of the active site α/β-barrel: I latch [PYF]-D-[GA]-S-S; II G-
X(8)-E-[VD]-X(3,4)-Q-X-[EF]; III ATP-binding site K-P-[LIVMFYA]-X(3,5)-[NPAT]-G-
[GSTAN]-G-X-H-X(3)-S; IV Glutamate binding site [ND]-R-X(3)-[IV]-R-[IV]; and V [ILF]-E-
[FDV]-R-X(6)-[NDPS]. Amino acids sequences with black color are conserved and those that 
are similar are grey (12, 41). Superscripts denote GSI protein that have been biochemically 
characterized.  
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FIGURE 3.2. Amino acid sequence alignment of biochemically characterized GSIII proteins. 
Motifs I, II, III, IV and V are conserved throughout the GS proteins (types I, II, and III). Motifs 
A, B, C, and D are identical as signature motifs that are unique to the type III GS proteins. Motif 
I, II, III, IV, and V conserved sites represent β-sheets of the active site α/β-barrel: I latch [PYF]-
D-[GA]-S-S; II G-X(8)-E-[VD]-X(3,4)-Q-X-[EF]; III ATP-binding site K-P-[LIVMFYA]-
X(3,5)-[NPAT]-G-[GSTAN]-G-X-H-X(3)-S; IV Glutamate binding site [ND]-R-X(3)-[IV]-R-
[IV]; and V [ILF]-E-[FDV]-R-X(6)-[NDPS]. Motif A, B, C, and D conserved regions are 
signature sequence (A) AEKHDxFI, (B) GEALD, (C) EQEYFLxD and (D) HRLGxNEAPPAI, 
respectively (12, 41). Amino acids sequences with black color are conserved and those that are 
similar are grey. P. ruminicola 23-1 and P. ruminicola 23-2 indicate GS type III-1; ORFB01459 
and GS type III-2; ORFB02034. Superscripts a, b, and c denote GSIII that have been 
biochemically characterized, partially characterized proteins, and hypothetical GS III proteins, 
respectively. 
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FIGURE 3.3. Unrooted phylogenetic tree of GS type I, II, and III proteins based on ClustalX. 
Alignments were constructed using ClustalX and the phylogenetic tree was built using a 
neighbor-joining plot (ClustalX ver. 1.82) (39).  
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FIGURE 3.4. 16S rRNA based phylogenetic relationships among organisms used for 
phylogenetic analysis of GS proteins in this study. The tree was built using Ribosomal Database 
(http://www.cme.msu.edu.rdp/) by Weighted Neighbor-Joining (Weighbor) tree building 
algorithm (11). Numbers on branches are Bootstrap values.  
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FIGURE 3.5. Gene maps of GS type I and two GS type III proteins in P. ruminicola 23. Annotation based on P. ruminicola 23 
genome database (http://jcvi.org/rumenomics/). Total size of each gene map is around 30 kb (15 kb downstream and upstream from 
GS gene). Gene annotation information is included in Table 3.2. 
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FIGURE 3.6. Purification of P.  ruminicola 23 GS expressed in E. coli BL 21-CodonPlus (DE3) 
RIL. A coomassie blue-stained SDS-gel PAGE gel (7.5%) of fractions from successive 
purification from post-Hi-Trap Q anion exchange is shown. Lane 1, protein molecular mass 
markers; Lane 2, GSI; Lane 3, GSIII-1; Lane 4, GSIII-2. A total of 1 μg of protein was loaded in 
each lane.  
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FIGURE 3.7. Size exclusion chromatography of the P. ruminicola 23 GSIII-1. (A) The 
chromatograph represents 100 l (7.5mg/ml) of a purified recombinant P. ruminicola 23 GSIII-1 
dialyzed against 50 mM imidazole-HCl (pH 6.5)–50 mM NaCl–50 mM MgCl2, injected into a 
Superdex 200 HR 10/30 gel filtration column (Amersham Biosciences, NJ), and eluted at a rate 
of 0.5ml/min. Elution volumes of the standards are represented by arrows 1to 5. 1, thyroglobulin 
670 kDa; 2, γ-globulin 158 kDa; 3, Ovalbumin 44 kDa; 4, Myoglobin 17 kDa; 5, VitaminB12 
1.3 kDa. (B) SDS-PAGE of 15 uL aliquots of fractions collected during size exclusion 
chromatography analysis. All bands correspond in size to the P. ruminicola 23 GSIII-1 
monomeric subunit (83 kDa). 
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FIGURE 3.8. Size exclusion chromatography of the P. ruminicola 23 GSIII-2. (A) The 
chromatograph represents 100 l (7.5 mg/ml) of a purified recombinant P. ruminicola 23 GSIII-2 
dialyzed against 50 mM imidazole-HCl (pH 7.0)–150 mM NaCl–10 mM MnCl2, injected into a 
Superdex 200 HR 10/30 gel filtration column (Amersham Biosciences, NJ), and eluted at a rate 
of 0.5ml/min. Elution volumes of the standards are represented by arrows 1to 5. 1, thyroglobulin 
670 kDa; 2, γ-globulin 158 kDa; 3, Ovalbumin 44 kDa; 4, Myoglobin 17 kDa; 5, VitaminB12 1.3 
kDa. (B) SDS-PAGE of 15 uL aliquots of fractions collected during size exclusion 
chromatography analysis. All bands correspond in size to the P. ruminicola 23 GSIII-2 
monomeric subunit (83 kDa). 
 
B 
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FIGURE 3.9. Optimization of GS activity of P. ruminicola 23 using γ-transferase assay. A) GS γ-transferase assay analyzed with 
different metal ions using GSI, GSIII-1, or GSIII-2; B) GS γ-transferase assay was analyzed with MnCl2 concentrations from 0.25 mM 
to 50 mM using GSI, GSIII-1, or GSIII-2; C) γ-transferase assay analyzed with different temperature from 25 to 70ºC using GSI with 
0.25 mM MnCl2; GSIII-1with 0.5 mM MnCl2 ; GSIII-2 with 1.0 mM MnCl2. D) GS γ-transferase assay was analyzed with different 
pH from 4.4 to 8.0 using GSI with 0.25 mM MnCl2; GSIII-1with 0.5 mM MnCl2; GSIII-2 with 1.0 mM MnCl2. The results are the 
means of three replicates and error bars represent standard deviations.  
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FIGURE 3.10. Optimization of GS activity of P. ruminicola 23 using biosynthetic assay. A) Biosynthetic assay analyzed with 
different metal ions using GSIII-1 and GSIII-2. GS biosynthetic assay was analyzed with 5 mM of each divalent metal ion. B) GS 
biosynthetic assay analyzed with MnCl2 concentrations from 0 mM to 50 mM using GSIII-1 and GSIII-2. C) Biosynthetic assay 
analyzed with different temperature from 25 to 70ºC using GSIII-1with 10 mM MnCl2 and GSIII-2 with 10 mM MnCl2. D) GS 
Biosynthetic assay was analyzed with different pH from 4.4 to 8.0 using GSIII-1with 10 mM MnCl2 and GSIII-2 with 10 mM MnCl2. 
The results are the means of three replicates and error bars represent standard deviations.  
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FIGURE 3.11. The effect of P. ruminicola 23 GS I on ATP hydrolysis. A) Scanned PEI plate 
image of ATP hydrolysis. Lane 1, 1 μg positive control (MacHjm of M. acetivorans); Lane 2, 
negative control (no protein); Lane 3, 0.5 μg GS I; Lane 4, 1 μg GS I; Lane 5, 2 μg GS I. B) ATP 
hydrolysis of P. ruminicola 23 GS I. Lane 1, 1 μg positive control (MacHjm of M. acetivorans); 
Lane 2, negative control (no protein); Lane 3, 0.5 μg GS I; Lane 4, 1 μg GS I; Lane 5, 2 μg GS I. 
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FIGURE 3.12. The effect of P. ruminicola 23 GS III-1 on ATP hydrolysis. A) Scanned PEI plate 
image of ATP hydrolysis. Lane 1, 1 μg positive control (MacHjm of M. acetivorans); Lane 2, 
negative control (no protein); Lane 3, 25 ng GS III-1; Lane 4, 50 ng GS III-1; Lane 5, 100 ng GS 
III-1. B) ATP hydrolysis of P. ruminicola 23 GS III-1. Lane 1, 1 μg positive control (MacHjm of 
M. acetivorans); Lane 2, negative control (no protein); Lane 3, 25 ng GS III-1; Lane 4, 50 ng GS 
III-1; Lane 5, 100 ng GS III-1. 
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FIGURE 3.13. The effect of P. ruminicola 23 GS III-2 on ATP hydrolysis. A) Scanned PEI plate 
image of ATP hydrolysis. Lane 1, 1 μg positive control (MacHjm of M. acetivorans); Lane 2, 
negative control (no protein); Lane 3, 25 ng GS III-2; Lane 4, 50 ng GS III-2; Lane 5, 100 ng GS 
III-2. B) ATP hydrolysis of P. ruminicola 23 GS III-2. Lane 1, 1 μg positive control (MacHjm of 
M. activorans); Lane 2, negative control (no protein); Lane 3, 25 ng GS III-2; Lane 4, 50 ng GS 
III-2; Lane 5, 100 ng GS III-2. 
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FIGURE 3.14. GS biosynthetic activity of P. ruminicola 23 on high ammonia and low ammonia 
concentration. P. ruminicola 23 was grown in chemostat culture with ammonia concentration 
shift from 10 mM to 0.7 mM (NH4)2SO4. Three replicates were collected from continuous 
culture at non-limiting ammonia concentration and low ammonia concentration. 
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Table 3.1. Primer lists for cloning and qRT-PCR 
Primer Sequence 
a
GS I-F 5’-catATGAACAACGACAAGCTGATGTTGAAT-3’ 
a
GS I-R 5’- ctcgagTCAGCCACAATGGAAGTACTTGGT-3’ 
a
GS III-1 F 5’- catATGTCAAATCAACTTAGATTCCAGGTT-3’ 
a
GS III-1 R 5’- gatttTTATCTGATAAACAACAACTCACGG-3’ 
a
GS III-2 F 5’- catATGGAAGCATTAAGATTTCAGGTTGTC-3’ 
a
GS III-2 R 5’- ctcgagTTATCGGATGAACAGCAGTTCTCT-3’ 
b
PrGSI-F 5’- AGGCGCCCACTAATGTTTGT-3’ 
b
PrGSI-R 5’- TTCGCAGCATGACACATATCC-3’ 
b
PrGSIII-1F 5’- CACATCGCCATTTGCCTTTA-3’ 
b
PrGSIII-1R 5’- CACAGCCGAGTTAAGTGCAATC-3’ 
b
PrGSIII-2F 5’- CGGATGGGAACAGGAGTACTTC-3’ 
b
PrGSIII-2R 5’- GGCACTATCGTGTCCCATCAG-3’ 
b
atpD-F
 
5’-TGGGTATCTATCCCGCTGTTG-3’ 
b 
atpD-R
 
5’-TTGACACGCTGGGCACAAT-3’ 
b
infB-F
 
5’-TCAGAGCTGGCCACCATGA-3’ 
b
infB-R
 
5’-CAGCATCCAGACGCTGGTT-3’ 
b
rpoB-F
 
5’-GAAGACCTTGCTGAGTGGACTGA-3’ 
b
rpoB-R
 
5’-TAGCAGGCTGGTCGAAACG-3’ 
a
Primer for cloning. 
b
Primer for qRT-PCR. 
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Table 3.2. Annotation of the open reading frames containing GS genes in P. ruminicola 23 
ORF 
GSI  Gene 
Location Protein Properties 
Protein function 
Start End Size (aa) MW (kDa) 
ORFB02139     2480679 2481572 297 34.1 sensor histidine kinase  
ORFB02140     2481569 2482279 236 27.7 response regulator  
ORFB02141    fba 2482454 2483455 333 36.6 fructose-1,6-bisphosphate aldolase, class II  
ORFB02142     2483554 2485218 554 61.5 glycosyl hydrolase, family 43  
ORFB02143     2485222 2485893 223 25.6 conserved hypothetical protein TIGR00104  
ORFB02144     2487424 2485976 482 53.6 toxin domain protein  
ORFB02145     2488311 2487499 270 30.3 SPFH domain / Band 7 family  
ORFB02146    ald 2488502 2489605 367 39.4 alanine dehydrogenase  
ORFB02148     2489687 2492677 996 114.2 conserved hypothetical protein  
ORFB02149     2492789 2494330 513 58.1 sensor histidine kinase  
ORFB02150     2494330 2496243 637 72.1 sensor histidine kinase  
ORFB02151     2497751 2496246 501 56.0 glutamine synthetase, type I  
ORFB02152     2498955 2497903 350 38.8 glycosyl hydrolase, family 43  
ORFB02153  2500804 2498957 615 71.1 TPR domain protein  
ORFB02155  2504102 2500827 1091 121.5 conserved hypothetical protein 
ORFB02156  2506181 2504172 669 75.7 conserved hypothetical protein 
ORFB02157  2507222 2506215 335 36.9 glycosyl hydrolase, family 43  
ORFB02158  2507379 2511407 1342 150.5 sensor histidine kinase/DNA-binding response regulator  
ORFB02159  2511487 2511918 143 17.4 conserved hypothetical protein 
GSIII-1 
ORFB01446  1678092 1667125 3655 398.5 cell surface protein, putative  
ORFB01447     1679650 1678826 274 32.5 hypothetical protein  
ORFB01448     1679857 1680735 292 33.3 prenyltransferase, UbiA family  
ORFB01449    nth 1680737 1681372 211 24.0 endonuclease III  
ORFB01450     1681799 1681362 145 17.0 conserved hypothetical protein  
ORFB01451     1682175 1681813 120 13.7 conserved hypothetical protein  
ORFB01452     1682704 1682207 165 19.3 RNA polymerase sigma-70 factor, ECF subfamily  
ORFB01453     1684164 1682674 496 55.9 lipoprotein, putative  
ORFB01454    rnz 1685417 1684503 304 34.7 ribonuclease Z  
ORFB01455     1686117 1685434 227 25.6 lipoprotein, putative  
ORFB01456     1686994 1686134 286 32.9 MazG family protein  
ORFB01457    valS 1687106 1689814 902 103.3 valyl-tRNA synthetase  
ORFB01458     1691806 1689845 653 71.8 thiol:disulfide interchange protein, putative  
ORFB01459    glnA 1694014 1691822 730 83.0 glutamine synthetase, type III  
ORFB01460     1694941 1694057 294 33.2 hydrolase, carbon-nitrogen family  
ORFB01461     1695954 1694938 338 38.5 peptidyl-arginine deiminase family protein  
ORFB01462     1696039 1696641 200 21.9 ABC transporter, ATP-binding protein  
ORFB01463     1696638 1697384 248 26.9 membrane protein, putative  
ORFB01464     1697582 1698298 238 28.2 hypothetical protein  
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Table 3.2. (cont.) 
ORF     
GSIII-1  Gene 
Location Protein Properties 
Protein function 
Start End Size (aa) MW (kDa) 
ORFB01465     1699308 1698295 337 39.7 acyltransferase family protein  
ORFB01467     1699370 1700338 322 37.9 acyltransferase family protein  
ORFB01468     1701434 1700340 364 42.0 glycosyl transferase, group 1 family protein  
ORFB01469     1702261 1701431 276 32.0 glycosyl transferase, group 2 family protein  
ORFB03065     1702785 1703204 139 15.5 glycosyl transferase, group 2 family protein  
ORFB01470     1703233 1704414 393 47.5 glycosyl transferase family protein  
ORFB03067     1705291 1704516   epimerase/dehydratase, degenerate  
ORFB01471     1706103 1705339 254 28.8 CDP-ribitol pyrophosphorylase, putative  
ORFB01472     1706884 1706087 265 30.9 LicD family protein  
ORFB01473     1708080 1706938 380 44.5 conserved hypothetical protein  
ORFB01474     1709114 1708083 343 40.3 glycosyl transferase, group 2 family protein  
GSIII-2 
ORFB02023     2341889 2340588 433 49.5 RmuC domain protein  
ORFB02025     2342544 2345735 1063 117.7 receptor antigen RagA, putative  
ORFB02026     2345780 2347312 510 57.9 lipoprotein, putative  
ORFB02027     2347398 2349770 790 86.9 hypothetical protein  
ORFB02028     2349806 2350891 361 39.6 glycosyl hydrolase, family 16  
ORFB02029     2350892 2352268 458 53.3 conserved domain protein  
ORFB02030     2352265 2353527 420 49.1 glycosyl hydrolase, family 5  
ORFB02032     2353524 2355794 756 84.0 glycosyl hydrolase, family 3  
ORFB02034    glnA 2358270 2356057 737 83.0 glutamine synthetase, type III  
ORFB02035    dapF 2359270 2358467 267 28.9 diaminopimelate epimerase  
ORFB02037    gltD 2360704 2359295 469 51.4 glutamate synthase, NADH/NADPH, small subunit  
ORFB02039    gltA 2365289 2360796 1497 165.2 glutamate synthase (NADPH), large subunit  
ORFB02040     2365837 2365445 130 15.2 hypothetical protein  
ORFB02041     2368065 2365843 740 83.5 hypothetical protein  
ORFB02042     2369013 2368315 232 26.3 antirepressor, putative  
ORFB02043     2370172 2369477 231 26.7 hypothetical protein  
ORFB02044     2370810 2370175 211 24.1 hypothetical protein  
ORFB02045     2370983 2371273 96 11.1 hypothetical protein  
ORFB02046     2372043 2372366 107 12.2 conserved hypothetical protein  
ORFB02047     2372359 2373303 314 35.5 HipA domain protein  
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Table 3.3. Purification of recombinant P. ruminicola 23 GS proteins from E. coli cells
a
 
Fraction Total protein (mg) Total activity (U) Sp act (U/mg) Recovery (%) Purification (fold) 
 
Crude extract 21.7 16.7 0.8 100 1.0 
GSI Affinity column (CO
2+
) 9.0 13.6 1.5 82 2.0 
 
Anion exchange 7.3 9.8 1.3 59 1.7 
 
Crude extract 316.6 741.8 2.3 100 1.0 
GSIII-1 Affinity column (CO
2+
) 107.9 634.4 5.9 85 2.5 
 
Anion exchange 74.6 565.5 7.6 76 3.2 
 
Crude extract 473.3 4516.0 9.5 100 1.0 
GSIII-2 Affinity column (CO
2+
) 208.9 2109.5 10.1 47 1.1 
 
Anion exchange 160.7 1960.2 12.2 43 1.3 
a Protein purification started with 2 liters of culture, and activity was determined using the γ-transferase assay after optimizing assay conditions.
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Table 3.4. Optimal enzymatic conditions for P. ruminicola 23 GS activity using the γ-transferase assay and biosynthetic assay 
 Types of GS 
Optimal 
Temperature(ºC) 
Optimal pH Optimal Cation 
Optimal 
Cation conc. (mM) 
γ-transferase assay 
GSI 35 5.6 Mn
2+
 0.25 
GSIII-1 37 6.0 Mn
2+
 0.50 
GSIII-2 37 6.0 Mn
2+
 1.00 
 GSI NM NM NM NM 
Biosynthetic assay GSIII-1 50 7.0 Mn
2+
 10 
 GSIII-2 50 6.8 Mn
2+
 10 
NM, Enzyme activity was not measured 
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Table 3.5. Apparent Km of P. ruminicola 23GSI and GSIII enzymes 
 
Apparent Km (mM) 
Transferase assay  Biosynthetic assay 
 Glutamine ADP Hydroxylamine-HCl  Glutamate ATP NH4
+
 
GSI 1.931 0.449 2.697  NM NM NM 
GSIII-1 1.295 0.056 2.037  8.579 1.906 0.482 
GSIII-2 0.621 0.069 1.923  1.721 2.652 0.432 
NM, enzymatic activity was not measured. 
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Table 3.6. Relative expression levels of glutamine synthetase enzymes in P. ruminicola 23 on high ammonia as determined by cDNA 
microarray and qRT-PCR analyses 
ORF Gene Common name EC number 
Fold change 
a
 
qRT-PCR 
ORFB02151  Glutamine synthetase, type I 6.3.1.2 1.9 
ORFB01459 glnA Glutamine synthetase, type III 6.3.1.2 1.7 
ORFB02034 glnA Glutamine synthetase, type III 6.3.1.2 71.3 
a Fold change in qRT-PCR during growth on high ammonia versus low ammonia. 
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CHAPTER 4 
COMPARATIVE TRANSCRIPTIONAL PROFILING OF Prevotella ruminicola 23 
DURING GROWTH ON AMMONIA AND PEPTIDES 
 
ABSTRACT 
Changes in the global gene expression profile of P. ruminicola 23 in response to 
variations in the available nitrogen source (ammonia or peptides) were analyzed by microarray 
and related to changes in enzymatic activity and the proteome. The results demonstrated 
dramatic changes in gene expression and enzymatic activity between the two conditions. In total, 
110 genes (3.7% of the genome) were transcriptionally upregulated during growth on ammonia, 
while 120 genes (4.1 % of the genome) were transcriptionally upregulated during growth on 
peptides. Specifically, growth on ammonia induced genes whose products are predicted to be 
involved in amino acid biosynthesis, molecular transport and several that affect the cell 
envelope. Growth on peptides induced genes whose products are involved in DNA metabolism, 
protein fate, protein synthesis and transcription.  
We observed that links between carbohydrate and nitrogen metabolism were evident 
from glutamate biosynthesis and reverse TCA cycle upregulation when ammonia was on 
ammonia. Interestingly, the GS-GOGAT (GSIII-2: 22.5, GOGAT large subunit: 26.3, and small 
subunit: 22.4 fold) pathways was also upregulated under these conditions. The greatest 
transcriptional up-regulations were observed for the ammonium transporter, amt (47.0 fold) and 
the nitrogen regulatory protein PII (46.5 fold) during growth with ammonia. Our results provide a 
whole genome transcriptional overview of the responses by P. ruminicola 23 to two different 
nitrogen sources and are supported by proteomic and biochemical evidence. Collectively leading 
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to an overall improvement in the understanding of the genetic responses and biochemical 
pathways used by P. ruminicola to obtain and utilize different nitrogen sources. 
 
INTRODUCTION 
In general for the rumen and other gut ecosystems, soluble and degradable proteins are 
converted by proteolytic bacteria to oligopeptides, amino acids and ammonia that are 
subsequently used as precursors for the synthesis of bacterial protein (5, 19). The genus 
Prevotella is one of the more numerically dominant bacteria in the rumen, making significant 
contributions to both carbohydrate and nitrogen metabolism (3, 8, 22). In addition it plays a 
major role in proteolysis (3, 22, 26). Previous research has shown P. ruminicola 23 is able to 
efficiently utilize both ammonia and peptides as a nitrogen source for growth (17). P. ruminicola 
23 prefers larger peptides (up to 2000 kDa) and more rapidly utilizes these than amino acids in 
growth media (18). The breakdown of peptides is a two step processes, first dipeptidyl peptidase 
breaks down oligopeptides, while a separate aminopeptidase breaks down the freshly released 
dipeptides to amino acids (29, 33).  P. ruminicola has been shown to have a high dipeptidyl 
peptidase activity relative to aminopeptidase activity (14, 29).  
 Previous studies have shown that Prevotella spp. regulate their ammonia assimilation 
enzymes in response to different nitrogen sources (30-32). For example, P. bryantii B14 has both 
NADH- and NADPH-dependent GDH activities and both GDH activities were found to be up-
regulated, along with corresponding increases in enzymatic activities, when ammonia was 
limiting (31). Increased enzymatic activity of GDH have also been described for P. ruminicola 
23 and P. brevis GA 33 during ammonia-limiting conditions, and additionally when peptides 
were used as the sole nitrogen source (30). Despite its up-regulation in the wild type system,  a 
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∆GDH mutant of P. bryantii B14, which retained GS activity, was still able to grow when 
ammonia concentrations were low (32).  
The preceding research has shown an adaptive response to different nitrogen sources, 
however, whole genome transcriptional responses and the enzymatic activities of the enzymes 
most critical to ammonia assimilation in P. ruminicola 23 have not been characterized. Clearly a 
more complete understanding of the effects at the genetic and biochemical levels is important to 
developing a thorough understanding of nitrogen metabolism in this organism. In this study, we 
describe whole genome transcriptional responses of P. ruminicola 23 grown on peptides or 
ammonia as nitrogen source. We then place this into a physiological and biochemical context 
through corresponding investigations of effects on the proteome and enzymatic activities of 
important nitrogen metabolism genes in P. ruminicola 23. Finally, we interpret our data and 
propose a metabolic model of nitrogen metabolism for this organism. Overall our results 
demonstrate a significant adaptation of P. ruminicola 23 to the availability of different nitrogen 
sources.  
 
MATERIALS AND METHODS 
Bacteria and growth medium. P. ruminicola 23 was kindly provided by M. A. Cotta, USDA-
ARS, and Peoria, IL. P. ruminicola 23 were anaerobically grown at 39ºC in a defined, nitrogen-
free medium with 0.5% glucose as the carbon source, as previously described (17). The medium 
was supplemented with either 10 mM (NH4)2SO4, 0.2% vitamin free casitone (0.2% peptides), or 
a purified amino acids mixture that was an equimolar to the 0.2% peptides sources (17, 27). For 
RNA and protein extractions P. ruminicola 23 cultures were harvested at mid-log phase by 
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centrifugation at 7,500 rpm for 5 min. The centrifuged cell pellet and supernatant were stored at -
80ºC until the pellets were processed and analyzed.  
 
RNA extraction and purification. Total RNAs were isolated from P. ruminicola 23 grown on 
peptides and ammonia using Trizol (Invitrogen Corp., Carlsbad,CA). Briefly, the cell pellets 
were frozen under liquid N2 and ground with pre-chilled, sterile mortar and pestles. Trizol 
reagent was added to the grounded cell pellet and the mixture was homogenized by pipetting 
several times. Cellular proteins were further precipitated and lipids dissolved using chloroform 
and removed by centrifugation. Total RNA was then extracted with ethanol and sodium acetate, 
and resuspended with Diethylpyrocarbonate (DEPC)-treated water. The RNA was further 
purified using a Qiagen RNeasy Cleanup kit (Qiagen, Valencin,CA, USA) as per the 
manufacturer’s protocol. RNA concentrations and quality were determined by measuring the 
absorbance ratio A260/A280 with Nanodrop (NanoDrop Technologies, Wilmington, DE) and using 
an Agilent 2100 bioanalyzer (Agilent Technologies, Palo Alto, CA) with RNA 6000 NANO 
assay. Only RNA with an A260/A280 ratio of >1.9 and RIN number >9.0 was used for cDNA 
synthesis.   
 
cDNA synthesis, labeling and hybridization. cDNA was synthesized from 10 μg of total RNA 
using random hexamers and the FairPlay III microarray labeling kit (Stratagene, La Jolia, Ca) as 
per the manufacture’s protocol. After cDNA synthesis, template RNA was removed and cDNA 
was purified using 4 μl of 3M Sodium acetate (pH 4.5), 1μl 20 mg/ml glycogen and 100 μl 95% 
Ethanol and incubate at -20ºC for 30 min. cDNA was centrifuged and washed with 0.5 mL of 
70% ethanol and dried. Purified cDNA was labeled with either Cy3-dCTP or Cy5-dCTP dye (GE 
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healthcare, Piscataway, NJ) following the manufacturer’s protocol and purified by using the 
FairPlay III microarray labeling kits purification module. Purified cDNAs were hybridized to the 
custom Agilent 8x15K microarrays as per the manufacturer’s protocol with the exception of 
fragmentation which was omitted as recommended by Agilent technicians (Agilent technologies, 
Santat Clara, CA, USA). Each Microarray was replicated 6 times, consisting of 3 biological 
replicates each with a dye swap. Each gene was present on the array 5 times, adding extra 
strength to the statistical analysis. Microarray slides were scanned using a GenePix®  
Professional 4200b scanner and GenePix Pro 6.0 software (Molecular Devices, Sunnyvale, CA, 
USA) and analyzed using the Limma package in Bioconductor (25). Genes with an up- or down-
regulation of 1.9 fold or greater and an FDR value < 0.05 were deemed to be statistically 
significant. 
 
Quantitative real-time PCR assay (qPCR). For RT-qPCR, cDNA was generated using the 
Superscript III first-strand synthesis system (Invitrogen, Carlsbad, CA) with random hexamers.  
100 ng of total RNA was used for cDNA synthesis following the manufacturer’s protocol. The 
cDNA was then diluted 1:4 with DNase/RNase free water. The qPCR was performed using 
SYBR Green I (Applied Biosystems, Foster city, CA) with an ABI Prism 7900 High Throughput 
Sequence Detection System. 4 μl of cDNA was mixed with 5 μL SYBR Green master mix 
(Applied Biosystems, Foster City, CA), 0.4 μL of each forward and reverse primer (Table 4.1), 
and 0.2 μl of DNase-RNase free water. Each sample was run in triplicate along 6 point relative 
standard curve of internal control genes; constitutive genes (atpD; ORFB01230, infB; 
ORFB02450, and rpoB; ORFB02217) from cDNA microarray plus non-template control (NTC). 
The RT-qPCR reactions were performed with the following conditions: 50ºC for 2 min, 95ºC for 
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10 min, and 40 cycles of 95ºC for 15 s and 60ºC for 1 min. In addition, to verify the presence of 
a single PCR product a dissociation protocol using incremental temperatures to 95ºC for 15 s 
plus 65ºC for 15 s was performed. Data were analyzed using the SDS software version 2.2.1. 
(Applied Biosystems, Foster City, CA) using the six point standard curve.  
 
Preparation of crude protein extract and Cy-dye labeling. Crude protein was extracted from 
batch cultures of P. ruminicola 23 on ammonia or peptides on ice. Crude protein extracts were 
prepared using a modification of previously described methods (1, 7). To prepare crude protein 
extracts, 1L of each culture sample was harvested by centrifugation at 10,000 × g for 20 min at 
4ºC. Pellets were washed once with an anaerobic buffer (50 mM Tris, 1% KCl, 1 mM 
Dithiothreitol, pH 6.8) (7). Washed cells were then resuspended in 10 ml of lysis buffer (20 mM 
Tris-HCl, 1 mM DTT, and 1 mM phenylmethylsulfonyl fluoride) and subsequently disrupted by 
sonication at 80 W with 30 sec pulse.  Unbroken cells and cell debris were removed by 
centrifugation at 12,000 × g for 5 min at 4ºC. Supernatant was transferred to new tubes and used 
for the separation of cytoplasmic and membrane-associated protein extracts.  
 Cytoplasmic and membrane-associated protein extracts were prepared using a previously 
described method (7). Crude protein extracts were subjected to ultracentrifugation in a fixed 
angle rotor at 105,000 × g for 90 min at 4ºC. The supernatant following ultracentrifugation 
constitutes a membrane-free cytoplasmic protein extract found in the supernatant and a 
membrane-associated protein fraction found in the pellet. This membrane associated fraction was 
resuspended with 3 ml of anaerobic buffer and then subjected to ultracentrifugation at 105,000 × 
g for 90 min at 4ºC. The resulting pellet was resuspended to 1 ml of anaerobic buffer and this 
protein extract was membrane protein extracts.    
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The samples were dissolved in standard cell lysis buffer containing 7 M urea, 2 M 
thiourea, 4% (w/v) CHAPs, and 30 mM Tris-HCl. Protein concentration was determined with 2-
D Quant kit (GE Healthcare, USA) according to the procedure described. For DIGE, the lysates 
were labeled with 400 pmol of Cy3 or Cy5 following the protocol described in the Ettan DIGE 
Manual (18-1164-40 Edition AA, GE Healthcare, USA). For reproducibility, the pooled standard 
containing equal quantities of all the samples was labeled with 400 pmol of Cy2 in CyDIGE 
flour working solution. The internal control labeled with Cy2 and the protein samples labeled 
either with Cy3 or Cy5 were incubated for 30 min at 4ºC in CyDIGE flour working solution. 
After stopping the labeling reaction by adding 1 µl of 10 mM lysine to the mixture, the samples 
were incubated for 10 min at 4ºC in the dark. To achieve statistical confidence, protein labeling 
was repeated three times using dye swaps, as listed in Table 4.5.  
 
2-D DIGE and image analysis. 2-D DIGE was performed using the IPGphor system (GE 
Healthcare, Piscataway, NJ) as described in 2-D Electrophoresis manual (GE Healthcare, 
Piscataway, NJ) with some modifications. The IPG strips (24cm, pH3-10NL, GE Healthcare, 
Piscataway, NJ) were rehydrated, and samples labeled in the dark, overnight with rehydration 
buffer (8 M urea, 4% w/v CHAPS, 1% w/v pH 3-10 pharmalytes and 0.002% bromophenol 
blue). The first dimension was focused on an Ettan IPGphor system (GE Healthcare, Piscataway, 
NJ) for a total of 88 kVh at 20ºC with a linear increase of voltage from 0 to 300 V, 600 V, 1000 
and 5000V for 24 hr. The IPG strips were then equilibrated for 10 min in a buffer containing 50 
mM Tris-HCl (pH 8.8), 6 M urea, 20% glycerol (w/v), 2% SDS (w/v), and 1% DTT (w/v). The 
strips were treated with the same solution containing 2.5% w/v iodoacetamide instead of DTT. 
The second dimension separation was performed on 12% SDS polyacrylamide gel upon 
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application of 8 watts per gel using an Ettan DALT six system (GE Healthcare, Piscataway, NJ). 
For image analysis, the Cy2, Cy3 and Cy5-labelled images were acquired on a Typhoon 9400 
scanner (GE Healthcare, Piscataway, NJ) at the appreciate emission values of Cy2 (520nm), Cy3 
(580nm) and Cy5 (670nm). DIGE images were then analyzed using Decyder program V6.5 (GE 
Healthcare, Piscataway, NJ) as described in the Decyder 2D Software Version 6.5 User manual 
(GE Healthcare, Piscataway, NJ). Intra-gel spot detection and quantification and inter-gel 
matching and quantification were performed using differential in-gel analysis (DIA) and 
biological variation analysis (BVA) modules, respectively. Only those spots with a > 3-fold 
change and t-test <0.05 among treatments were picked and analyzed by LC-MS-MS for protein 
identification. 
 
In-gel tryptic digestion and LC-MS-MS analysis. The excised protein spots were digested in-
gel with trypsin (Promega, Madison, WI) according to a previously reported method (20). Gel 
pieces were destained in 50% methanol and 5% acetic acid and then treated using an alkylation 
and reduction process with 10 mM of DTT and 55 mM of iodoacetic acid, respectively. 
Following vacuum drying, the gel pieces pre-incubated in 20 μg/ml trypsin solution for 45 min at 
4ºC and then gel pieces were incubated in 50 mM NH4HCO3 overnight at 37ºC. Extraction buffer 
(5% TFA in 50% acetonitrile) was added to supernatants and pellet was collected by 
centrifugation and subsequently vacuum-dried (20). Peptides were concentrated with Zip tip μ-
c18 pipette tips (Millipore, Bedford, MA). The enzymatically digested samples were then 
analyzed by a hybrid Quadrupole-TOF MS/MS spectrometer (Applied Biosystems, Foster city, 
CA). Peptides were separated on a Zorbax 300SB-C18 capillary column (Agilent, Palo Alto, CA) 
at a flow rate of 300 nl/min. The resulting peptides were electro-sprayed through a coated silica 
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tip (New Objective, Woburn, MA) at an ion spray voltage of 2,300eV. Mass data were acquired 
automatically using Analyst QS 2.0 software (Applied Biosystems, Foster city, CA). For data 
acquisition, the mass spectrometer was set in the positive ion mode at a selected mass range of 
400-1600 m/z for a 1 sec TOF-MS survey scan to detect precursor ions.  
 
Enzyme activity assay. Enzyme activities of NADH- and NADPH-dependent glutamate 
dehydrogenase (GDH), biosynthetic glutamine synthetase (GS), NADH- and NADPH-dependent 
glutamate synthase (GOGAT) were measured using previously described methods (7, 9, 10, 15, 
21, 30). The assay mixture for the biosynthetic reaction measuring the ability of the GS to form 
glutamine by detection of the Pi released from ATP consisted of 100 mM MOPS (pH 7.5), 50 
mM MgCl2∙6H2O, 250 mM L-glutamate, 50 mM NH4Cl to which approximately 10 µg of GSI, 
GSIII-1, or GSIII-2 was added. The total 90 μl of mixture was equilibrated at 37ºC for 5 min. 
and the reaction was initiated by adding 10 μl of 0.1 M ATP (final concentration of 10 mM) in a 
total volume of 100 μl. 25 μl of the reaction mixture was transferred after 5 min to microtiter 
plate and 75 μl of solution D (mixture of two parts of 12% (w/v) L-ascorbic acids in 1N HCl and 
one part 2% (w/v) ammonium molybdate tetrahydrate in ddH2O) was added. After 5 mins of 
incubation 75 μl of stop color development solution F (2% (w/v) sodium citrate tribasic 
dehydrate, 2% (v/v) acetic acid, and 2% (w/v) sodium meta-arsenite, in ddH2O) was added and 
the solution was incubated for 15 min at 37ºC. A blank was prepared using 10 μl of ddH2O and 
90 μl of enzyme mixture. The inorganic phosphate product was measured spectrophotometrically 
at 850 nm as for the biosynthetic assay. GS specific activity is expressed as nmolPi/μg/min. 
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RESULTS 
Growth of P. ruminicola 23 on different nitrogen sources. Growth experiments were carried 
in batch using glucose as carbon and energy source. P. ruminicola 23 was unable to grow using 
amino acids as the sole nitrogen source. However, the growth dynamics on either ammonia or 
peptides varied according to nitrogen source (Fig. 4.1). The fastest growth rate of P. ruminicola 
23 was observed on peptides (0.094 h
-1
), although this resulted in a lower maximum cell density 
(OD600 1.278) than growth on ammonia (0.089 h
-1
; OD600 1.348; Table 4.1).  
Transcriptome analyses on ammonia or peptides using cDNA microarray. P. ruminicola 23 
showed differential gene expression patterns during growth on ammonia and peptides. In total 
110 genes were up-regulated on ammonia while 120 genes were up-regulated on peptides. Those 
genes induced by ammonia largely encoded enzymes implicated in amino acid biosynthesis, cell 
envelope structure and function, energy metabolism, molecular transport and associated binding 
proteins or had regulatory functions. On the other hand, genes induced by peptides largely 
encoded enzymes implicated in DNA metabolism or protein biosynthesis. 
As expected, genes encoded enzymes involved in ammonia assimilation pathways were 
up-regulated in P. ruminicola 23 grown on ammonia (Table 4.4). Unexpectedly, those 
functioning in the GS-GOGAT pathways were also significantly up-regulated. GlnA, encoding 
GSIII-2 (ORFB02034), was found to be up-regulated between 22.5 fold, as indicated by 
microarray analysis, and 105.4 fold, as indicated by RT qPCR. The other glutamine synthetases, 
GSI (ORFB02151) and GSIII-1(ORFB01459) did not show significant differences in their 
transcript abundance (0.8 and 1.2 fold). The NADPH-GOGAT encoding genes (ORFB02037; 
small subunit and ORFB02039; large subunit) were 22.4 and 26.3 fold up-regulated. However, 
neither the NADH- or NADPH-dependent GDHs (ORFB02165 and ORFB01249) were 
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detectably increased during growth on ammonia. Three genes involved in the biosynthesis of the 
aspartate family of amino acids were more than 10 fold up-regulated and four genes involved in 
the biosynthesis of the aromatic amino acid family were ~ 2 fold up-regulated during growth on 
ammonia. Conversely, two genes involved in the biosynthesis of the serine family of amino acids 
and four involved in the biosynthesis of the glutamate family of amino acids were up-regulated 
during growth on peptides. The two genes involved in the biosynthesis of the serine family 
displayed the most dramatic up-regulation on peptides. Cysteine synthase A, cysK, and O-
acetylhomoserine aminocarboxypropyltransferase/cysteine synthase were up-regulated 12 and 
7.5 fold, respectively, during growth on peptides. Four genes; glutamate 5-kinase, N-acetyl-
gamma-glutamyl-phosphate reductase, pyrroline-5-carboxylate reductase, and acetylornithine 
aminotransferase were ca. two fold up-regulated and one threonine synthase involved in 
aspartate family was two fold up-regulated on peptides.  
The ammonium transporter, amt, was between 47 fold (microarray) and 96.1 fold (RT 
qPCR) up-regulated during growth on ammonia. Four different ABC transporter proteins were 
also up-regulated including one whose annotation suggests that it is specific to the transport of 
amino acids. Others included an efflux transporter, RND family (resistance-nodulation-division), 
and a MFP (membrane fusion protein) subunit was 2.6 fold up-regulated these/this is predicted to 
act in the transport of degradable protein. During growth on peptides, an outer membrane 
receptor (OMR) family transporter (ORFB02935) was 2.1 fold up-regulated.  
On ammonia P. ruminicola 23 induced a higher number of genes involved in synthesis 
and modification of the cell envelope. In total, six putative lipoproteins, three putative receptor 
antigens (RagA), two N-acetylmuramoyl-L-alanine amidases, and one family 2 glycosyl 
transferase were up-regulated during growth on ammonia, while two putative lipoproteins and 
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one RagA protein were up-regulated on peptides. Interestingly, one gliding motility protein GldE 
was 2.9 fold up-regulated on peptides. A greater numbers of genes involved in DNA metabolism 
were up-regulated during growth on peptides.  
Interestingly, a total 29 ribosomal proteins were up-regulated on peptides including 17 
large subunit ribosomal proteins (ribosomal proteins L5, L6, L9, L10, L14, L15, L16, L17, L18, 
L24, L27, L28, L29, L30, L33, L34, L36) and 12 small subunit ribosomal proteins (ribosomal 
proteins S4, S5, S6, S8, S11, S13, S14, S16, S17, S18, S20, S21), each being upregulated 
between 1.9 and 3.6 fold.  
 
Regulated gene clusters under ammonia or peptides. Several gene clusters were co-induced in 
P. ruminicola 23 during growth on both ammonia and peptides (Fig. 4.3 and Fig. 4.4). The trp 
gene cluster (trp BEGDCFA) whose products collectively facilitate tryptophan biosynthesis are 
clustered contiguously from ORFB01499 to ORFB01505 and were 1.8 to 2.2 fold up-regulated 
during growth on ammonia. The GS-GOGAT pathway gene cluster was also up-regulated more 
than 22.5 fold during growth on ammonia (GS type III-2; ORFB02034 and GOGAT large and 
small subunits; ORFB02037 and ORFB02039). The most significantly up-regulated gene cluster 
was a group of 4 genes from ORFB02054 to ORFB02058  that encode for the ammonium 
transporter, the nitrogen regulatory protein PII, a conserved hypothetical protein, and an aspartate 
synthase. In this gene cluster, the aspartate synthase was more than 15.3 fold up-regulated, while 
ammonium transporter and nitrogen regulatory PII were more than 40 fold up-regulated during 
growth on ammonia. Other gene clusters annotated as being involved in amino acid biosynthesis 
and ammonia assimilation were also up-regulated during growth in ammonia.  
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 Growth of P. ruminicola 23 on peptides as the sole nitrogen source led to the induction of 
two ribosomal protein gene clusters. The first consisted of just three genes, rpsF, rpsR, and rpl9 
found clustered between ORFB00639 to ORFB00641, each were more than 2 fold up-regulated. 
The second comprised 22 genes  (rplQ, rpoA, rpsD, rpsK, rpsM, and  rpmJ, infA, map, spc secY, 
rplO, rpmD, rpsE, rplR, rplF, rpsH, rpsN, rplE, and rplN, rpsQ, rpmC, rplP) clustering from 
ORFB02168 to ORFB02189 (2).  
 
Metabolic maps in P. ruminicola 23 on ammonia and peptides. Metabolic pathway maps 
were constructed for the two nitrogen sources based on the overall transcriptomic response 
patterns. They indicate a dramatic shift in metabolism between the different nitrogen sources. 
Metabolic links were found between ammonia assimilation and reverse TCA cycle during 
growth on ammonia (Fig. 4.5). Growth on ammonia also affected the metabolic pathways 
affecting glutamate, aspartate, and tryptophan biosynthesis (Fig. 4.5A and 4.5B).  
 Conversely, few metabolic pathways appeared more expressed during growth on 
peptides, with the exception of three amino acid biosynthesis pathways (cysteine, proline and 
threonine metabolism; Fig. 4.6B and 4.6C).   
 
Enzyme activity. To analyze enzyme activity and protein localization we analyzed GDH, GS, 
and GOGAT activities from crude protein fractions from cells grown on ammonia or peptides. 
Higher GS biosynthetic activity was detected on ammonia (Table 4.8) compared to peptides. 
However, very low GDH and GOGAT activities were detected on both ammonia and peptides.   
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Proteomic analysis. In total, ten spots were selected from the proteomic analysis of the 
cytoplasmic fraction in P. ruminicola 23 grown on either ammonia or peptides based on intensity 
(Fig. 4.7. and Table 4.6 and 4.7). Seven spots (spot ID 104, 108, 111, 112, 212, 329, and 462) 
were more than 3 fold up-regulated when the organism was grown on ammonia, while three up-
regulated spots (spot ID 456, 595, and 598) were isolated from P. ruminicola 23 grown on 
peptides. However, only one protein was indentified using LC-MS-MS analysis from growth in 
ammonia and two spots were identified from growth in peptides.  These included the GS typeIII-
2 (ORFB02034) which was 37.8 fold up-regulated on ammonia (Table 4.5), and the Cysteine 
synthetase A (ORFB02894) and O-acetylhomoserine aminocarboxypropyltransferase-cysteine 
synthase family protein (ORFB02893) which were 68.9 and 8.5 fold up-regulated on peptides, 
respectively. These proteomics results are consistent with those obtained from gene expression 
data.  
 
DISCUSSION 
Here we have demonstrated that P. ruminicola 23 responds to different nitrogen sources 
with significant shifts in transcriptional profiles.  Previous studies have shown that P. ruminicola 
23 can efficiently utilize peptides and ammonia as nitrogen sources for growth but not amino 
acids (17, 18). Consistent with this, we showed that P. ruminicola was unable to sustain growth 
when supplied with amino acids as the sole nitrogen source. P. ruminicola 23 showed shifts in its 
overall Transcriptional profiles when switched from growth on ammonia to peptides. The growth 
of P. ruminicola 23 on ammonia provided evidence of a link between carbohydrate and nitrogen 
metabolism through up-regulation of the ammonia assimilation pathways; NADPH-GDH and 
GS-GOGAT and the reverse TCA cycle. On the other hand, ammonia assimilation pathways 
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were not induced on P. ruminicola 23 grown on peptides. Few metabolic pathways were induced 
by growth on peptides. These observed effects on the various metabolic pathways in P. 
ruminicola 23 grown on ammonia and peptides demonstrated P. ruminicola’s ability to induce 
ammonia assimilation pathways to utilize ammonia for the biosynthesis of amino acids such as 
aspartate, asparagine, tryptophan, and lysine. However, peptides were likely ingested directly 
and utilized for protein synthesis. Consequently, the ability of P. ruminicola 23 to bypass the 
amino acids biosynthetic pathways when grown on peptides enabled a faster growth rate than 
when grown on ammonia.     
 P. ruminicola 23 utilizes a unique GS-GOGAT pathway during growth on non-limiting 
ammonia (10 mM) concentration. P. ruminicola 23 grown on ammonia showed significant up-
regulation of GSIII-2 (22.5 fold) and GOGAT (large subunit: 22.4 fold and small subunit 26.3 
fold) (Table 4.4).  Proteomic analysis revealed a 37.8 fold up-regulation of the GSIII-2 protein 
during growth on ammonia. This correlated with the upregulation observed at the transcriptional 
level. Thus the collective genomic and proteomic evidence strongly supports GSIII-2 as having a 
major role in ammonia assimilation during growth in ammonia (10 mM). If this results in an 
increase in the intracellular glutamine pool it may serve as a nitrogen storage mechanism in P. 
ruminicola 23. This appears unusual to many other described ammonia assimilation pathways of 
enteric bacteria and cyanobacteria (4, 12, 23). In general, bacteria respond to limiting 
concentrations of ammonia by converting ammonia into glutamine and induce more glutamine 
synthetase enzymatic activity (34). GOGAT expression was also more than 22 fold up-regulated 
on ammonia. GOGAT produce 2 glutamate molecules from one molecule of glutamine (16). 
This GSIII-GOGAT shows a major role in ammonia assimilation and ammonia recycling in P. 
ruminicola 23 grown on excess concentration of ammonia (10 mM) (Fig. 4.8A). This GS-
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GOGAT pathway may represent an evolutionary adaptation of P. ruminicola 23 to an 
environment such as the rumen and other gut ecosystems where ammonia concentrations are 
rarely growth limiting (6, 11).  
The ammonia concentration in the rumen is higher than that typically reported to engage 
the GS-GOGAT pathway (from ~10 to 38 mM depend on nitrogen sources) (6). More 
specifically, P. ruminicola 23 is unlikely to be subjected to ammonia-limiting conditions and 
consequently the regulatory mechanisms underpinning the GS-GOGAT pathway may have 
adapted to such an environment. This would potentially afford P. ruminicola 23 the ability to 
emphasize glutamate and glutamine pools by GS-GOGAT pathways and outcompete other 
microbes in the utilization and exploitation of ammonia as a nitrogen source. 
  In contrast, we observed the up-regulation of more than 29 ribosomal proteins in P. 
ruminicola 23 grown on peptides. Proteins are synthesized by the ribosome and the ribosome 
comprises more than 50 ribosomal proteins and several RNA molecules. Five clusters, rpoBC, 
str, S10, spc, and the alpha clusters, of ribosomal proteins are generally observed in bacteria (2). 
We identified these five ribosomal protein clusters (34 genes from total 54 ribosomal proteins) 
bioinformatically in the P. ruminicola 23 genome. All the ribosomal genes in the α and spc 
clusters were more than 1.9 fold up-regulated and ribosomal proteins in s10 and rpoBC clusters 
were also partially up-regulated. Only ribosomal proteins in the str cluster were constitutively 
expressed (around 1.2 fold increased). Up-regulation of these ribosomal proteins may be 
evidence of increased protein synthesis through the rapid availability of intracellular amino acids 
from peptides uptake by P. ruminicola 23.  
Ingested peptides from the environment are cleaved to small peptides and to amino acids 
intracellularly and directly utilized for protein synthesis. However, no up-regulation of 
137 
 
peptidases was observed in the transcriptional profiles, all appearing constitutive (< 1.5 fold) on 
peptides. Although no peptidase expression was observed on peptides, previous studies 
demonstrated strong peptidase activity in Prevotella ruminicola (14, 28, 29). We therefore 
suggest that peptidase activities may be constitutive expressed at a high basal level in P. 
ruminicola 23 when grown on either ammonia or peptides.  
Interestingly, we could not detect up-regulation of transporters during growth on 
peptides. In general, peptide transport occurs via a dipeptide permease or oligopeptide permease 
depending on the size of peptides being imported into the bacterium (24). We identified three 
putative permease proteins (ORFB00681, ORFB01156, and ORFB02370), two peptide ABC 
transporter, permease/ATP-binding proteins (ORFB00742 and ORFB01150), and one peptide 
transporter, proton-dependent oligopeptide transporter (POT) family (ORFB01493) 
bioinformatically in the P. ruminicola 23 genome. However, these genes were constitutive in P. 
ruminicola 23 grown on peptides (from 1.0 to 1.3 fold). Overall, the transport of  peptides from 
environment by P. ruminicola 23 is currently unknown. After uptake, peptidases can cleave 
intracellular peptides to smaller peptides and amino acids. These amino acids may be utilized for 
protein biosynthesis directly (Fig. 4.8B).     
In summary, we have cultured P. ruminicola 23 in batch culture on different nitrogen 
sources, ammonia or peptides, to analyze effects on gene expression and relate this to protein 
expression. P. ruminicola 23 utilizes unusual ammonia assimilation pathways with enteric 
bacteria that involve GS-GOGAT pathway when P. ruminicola 23 grown on 10 mM ammonia.  
This unique ammonia assimilation demonstrates an adaptation by P. ruminicola 23 to higher and 
more stable concentrations of ammonia in the rumen and gut ecosystems, relative to many other 
environments. This may increase the intracellular glutamate and glutamine pool, making more 
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nitrogen available for amino acid biosynthesis. On the other hand, P. ruminicola 23 grown on 
peptides showed up-regulation of ribosomal proteins without concomitant upregulation of amino 
acids biosynthetic pathways and these results may reflect the ability of P. ruminicola 23 to utilize 
peptides for protein biosynthesis. Peptide metabolism of P. ruminicola 23 may be initiated after 
transport of peptides into the cell. These are then subsequently hydrolyzed to amino acids which 
can subsequently be deaminated or utilized for protein biosynthetic activity. Further, our study 
shows P. ruminicola 23 is able to respond to and utilize different nitrogen sources. 
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FIGURES AND TABLES 
 
FIGURE 4.1. Growth of P. ruminicola 23 on different nitrogen sources; peptides (■), ammonium 
sulfate (×) or amino acids (▲). Growth was measured by turbidity (OD600) on triplicate tubes. 
Standard deviation is represented by the error bars.    
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FIGURE 4.2. Functional categories of genes that were up-regulated on peptides (■) or ammonia (■). The histogram represents the 
number of genes within each category that was up-regulated > 1.9 fold.   
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FIGURE 4.3. Gene clusters in P. ruminicola 23 that were up-regulated >1.9 fold when grown on 
ammonia. Arrow color indicates categories of primary function of genes. Numbers inside arrows 
indicate ORF number. Red numbers below the ORF indicate up-regulation by >1.9 fold induced, 
black numbers indicate up-regulation >1.5 and <1.9 fold up-regulation, and blue numbers 
indicate <1.5 fold up-regulated.  
GSIII-2                        GOGAT 
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FIGURE 4.4. Gene clusters in P. ruminicola 23 that were up-regulated >1.9 fold when grown on 
peptides. Arrow color indicates categories of primary function of genes. Numbers inside arrows 
indicate ORF number. Red numbers below the ORF indicate up-regulation by >1.9 fold induced, 
black numbers indicate up-regulation >1.5 and <1.9 fold up-regulation, and blue numbers 
indicate <1.5 fold up-regulated.  
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FIGURE 4.5. Up-regulated metabolic pathways in P. ruminicola 23 grown on ammonia. The metabolic map shown here was 
generated using up-regulated EC number by iPath (http://pathways.embl.de/) (13). Nodes in the map correspond to chemical 
compounds and lines represent series of enzymatic reactions. Bold blue line represents enzyme that is >1.9 fold up-regulated.    
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FIGURE 4.6. Regulated metabolic pathways in P. ruminicola 23 grown on peptides. The metabolic map shown here was generated 
using up-regulated EC number by iPath (http://pathways.embl.de/) (13). Nodes in the map correspond to chemical compounds and 
lines represent series of enzymatic reactions. Bold blue line represents enzyme that is > 1.9 fold up-regulated.    
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FIGURE 4.7. Two-dimensional difference gel electrophoresis (2D-DIGE) of cytoplasmic proteins in P. ruminicola 23 grown on 
ammonia or peptides. A) 2D DIGE overlay image of cytoplasmic proteins from peptide (Cy5; blue spots) and ammonia (Cy3; red 
spots). White spots represent proteins with not differentially expressed on both ammonia and peptides. Cytoplasmic proteins up-
regulated on B) peptides with Cy5 (blue) and C) ammonia with Cy3 (red). 
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FIGURE 4.8. Schematic model of nitrogen metabolism in P. ruminicola 23 in response to A) 
ammonia or B) peptides.  
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TABLE 4.1. Effect of different nitrogen sources on growth of P. ruminicola 23 
Nitrogen source Growth rate (h
-1
)
a
 Maximum cell density (OD600)
b
 
Peptides  0.094 ± 0.001 1.278 ± 0.008 
Ammonia 0.089 ± 0.003 1.348 ± 0.016 
Amino acids 0.014 ± 0.001 0.103 ± 0.007 
a Maximum specific growth rate during exponential growth (per hour). 
b Maximum cell density is the maximum optical density values after 38 hour culture.   
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TABLE 4.2. Primer pairs used for qRT-PCR of P. ruminicola 23 grown on ammonia or peptides 
Primer Annotation Sequence (5’ to 3’) 
amt-F 
Ammonium transporter 
GGCAAGTATGATGAGGACGGTAA 
amt-R ATCCGAACCATCCCAACCA 
glnK-F 
nitrogen regulatory protein PII 
GTGTGGCCATCACCATTGTG 
glnK-R ATACGACCGTCGCCGATTT 
nextamt-F 
conserved hypothetical protein 
CAACATCGGCTTGACCGACTA 
nextamt-R TGCCTCGAAGATATGGTTGGT 
gltA-F 
NADPH-GOGAT, large subunit  
AAAGAAAGCAAACTCAACCCAAA 
gltA-R CTTTTTCCGCCGTGTATGTTAAC 
gltD-F 
NADH-NADPH GOGAT, small subunit 
AGGACGAGGCTGCCATCAC 
gltD-R GCACCAATCACAGCCACCTT 
gdhA-F 
NADPH-GDH 
ATGCTGGCTACTCGCGGTAT 
gdhA-R CAAGCTGCAGGCACTTCTCA 
gdh-F 
NADH-GDH 
CACTTACCACCCTGCCTATGG 
gdh-R ATGAATGCCTGGCAGAAACG 
GSI-F 
Glutamine synthetase 
AGGCGCCCACTAATGTTTGT 
GSI-R TTCGCAGCATGACACATATCC 
glnA-F 
Glutamine synthetase III-1 
CGGATGGGAACAGGAGTACTTC 
glnA-R GGCACTATCGTGTCCCATCAG 
glnA-1-F 
Glutamine synthetase III-2 
CACATCGCCATTTGCCTTTA 
glnA-1-R CACAGCCGAGTTAAGTGCAATC 
dapF-F 
diaminopimelate epimerase 
GGCAATCCCCACTACGTGAT 
dapF-R TGTTACATCTTTGTGGGAATGCA 
asnB-F 
asparagine synthase 
AGCCGACGAATTCCTGATTG 
asnB-R TTTCAGCTCCGAGGCTACGT 
amitrans-F 
aminotransferase 
GCTGCCGAGGCCATCTATAC 
amitrans-R CACGCAGGGTGGTAAGCAT 
diamino-F 
diaminopimelate dehydrogenase 
ATGTCGATGGGCCACAGTGT 
diamino-R CCATACGGCGGTGGATACC 
ragA-F 
receptor antigen RagA 
GGGCTGGTTCCCATCACTT 
ragA-R AATGCTGGCACGCAGTTTC 
acser-F 
O-acetylhomoserine aminocarboxypropyltransferase-cysteine synthase family protein 
GGACTTCGCGATGCTGGTAA 
acser-R GACCTGCTACTCCACCTTCGA 
cysK-F 
cysteine synthase A 
GCACTGGTATCAGCCGTCAA 
cysK-R CCTCGGCACCATAGGCTTT 
luxR-F 
transcriptional regulator, LuxR family 
ACCAAGGAGATTGCCGAAGA 
luxR-R GTTCGTGGGCTGTGTTGATG 
rplR-F 
ribosomal protein L18  
GGGTCTCGAGGCTATGCCTAA 
rplR-R GTCGAAGACAACGGCGCTAA 
rpsK-F 
ribosomal protein S11 
TGCGCTAAGGTTGCTTACGA 
rpsK-R CACCATGAATGGCACGGATA 
infA-F 
translation initiation factor IF-1 
TGAGCAGGACGGAACAATTGT 
infA-R CATCTTACCAGAGATATGCGCAATA 
rpmD-F 
ribosomal protein L30 
CAGTTGATCAGAAGCGCACTCT 
rpmD-R TTACGGATCATACCACGGATTG 
atpD-F 
ATP synthase F1, beta subunit 
TGGGTATCTATCCCGCTGTTG 
atpD-R TTGACACGCTGGGCACAAT 
infB-F 
translation initiation factor IF-2 
TCAGAGCTGGCCACCATGA 
infB-R CAGCATCCAGACGCTGGTT 
rpoB-F 
DNA-directed RNA polymerase, beta subunit 
GAAGACCTTGCTGAGTGGACTGA 
rpoB-R TAGCAGGCTGGTCGAAACG 
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TABLE 4.3. Differentially expressed genes (> 4 fold) in P. ruminicola 23 grown on ammonia as the sole nitrogen source 
ORF 
number 
Gene Gene function 
Primary role 
category b 
EC number 
Fold change 
Microarray a RT-qPCR 
ORFB02055 amt ammonium transporter TBP  47.0 96.1 
ORFB02056  conserved hypothetical protein CHP  46.5 243.6 
ORFB02054  nitrogen regulatory protein PII RF  43.3 145.2 
ORFB02039 gltA glutamate synthase (NADPH), large subunit AAB 1.4.1.13 26.3 32.9 
ORFB02035 dapF diaminopimelate epimerase AAB 5.1.1.7 22.7 26.0 
ORFB02034 glnA glutamine synthetase, type III AAB 6.3.1.2 22.5 105.4 
ORFB02037 gltD glutamate synthase, NADH/NADPH, small subunit AAB 1.4.1.- 22.4 39.3 
ORFB02058 asnB asparagine synthase (glutamine-hydrolyzing) AAB 6.3.5.4 15.3 63.1 
ORFB02053  aminotransferase, homolog UF  13.0 18.5 
ORFB02120  diaminopimelate dehydrogenase AAB 1.4.1.16 9.9 17.7 
ORFB02051 pyrG CTP synthase PPNN 6.3.4.2 6.9  
ORFB02052  glutamine amidotransferase, class-II domain protein UF  6.8 9.0 
ORFB02864  phosphomethylpyrimidine kinase, putative/transcriptional regulator, AraC family BCPC  6.3  
ORFB01958  lipoprotein, putative CE  5.7  
ORFB01957  conserved hypothetical protein CHP  5.3  
ORFB02121 purN phosphoribosylglycinamide formyltransferase PPNN 2.1.2.2 4.6 8.0 
ORFB02866  pyridoxine biosynthesis protein BCPC  4.6  
ORFB02867  glutamine amidotransferase, SNO family UF  4.4  
ORFB02926  transcriptional regulator, LuxR family RF  -4.7 -3.1 
ORFB02896  hypothetical protein HP  -4.8  
ORFB02928  hypothetical protein HP  -5.5  
ORFB02930  lipoprotein, putatuve CE  -6.2  
ORFB02893  O-acetylhomoserine aminocarboxypropyltransferase/cysteine synthase family protein AAB  -7.5 -138.2 
ORFB02931  hypothetical protein HP  -7.6  
ORFB02934  lipoprotein, putative CE  -7.8  
ORFB02932  hypothetical protein HP  -7.8  
ORFB02929  receptor antigen RagA, putative CE  -8.0 -11.4 
ORFB02933  conserved domain protein CHP  -9.0  
ORFB02894 cysK cysteine synthase A AAB 2.5.1.47 -12.0 -83.5 
a Fold change in normalized microarray signal intensity during growth on ammonia versus peptides. 
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TABLE 4.4. Genes involved in ammonia assimilation in P. ruminicola 23 induced by growth on ammonia 
Gene 
ORF 
number 
Common name Primary role Secondary role 
EC 
number 
Fold change 
Microarray 
qRT-
PCR 
amt ORFB02055 ammonium transporter  
Transport and binding 
proteins 
Cations and iron carrying 
compounds 
 47.0 96.1 
 ORFB02056 conserved hypothetical protein  Hypothetical proteins Conserved  46.5 243.6 
 ORFB02054 nitrogen regulatory protein PII  Regulatory functions Protein interactions  43.3 145.2 
glnA ORFB02034 glutamine synthetase, type III [GSIII-2] Amino acid biosynthesis Glutamate family 6.3.1.2 22.5 105.4 
asnB ORFB02058 
asparagine synthase (glutamine-
hydrolyzing) 
Amino acid biosynthesis Aspartate family 6.3.5.4 15.3 63.1 
glnA ORFB01459 glutamine synthetase, type III [GSIII-1] Amino acid biosynthesis Glutamate family 6.3.1.2 1.2 1.6 
 ORFB02151 glutamine synthetase I [GSI] Amino acid biosynthesis Glutamate family  0.8 1.9 
gltD ORFB02037 
glutamate synthase, NADH/NADPH, 
small subunit  
Amino acid biosynthesis Glutamate family 1.4.1.- 22.4 39.3 
gltA ORFB02039 
glutamate synthase (NADPH), large 
subunit  
Amino acid biosynthesis Glutamate family 1.4.1.13 26.3 32.9 
gdhA ORFB01249 
glutamate dehydrogenase, NADP-
specific  
Central intermediary 
metabolism 
Nitrogen metabolism 1.4.1.4 0.6 0.7 
gdh ORFB02165 
glutamate dehydrogenase, NAD-
specific  
Energy metabolism Amino acid and amines 1.4.1.2 0.9 1.0 
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TABLE 4.5. 2D-DIGE experimental design for P. ruminicola 23 grown on ammonia or peptides 
 Cy2 Cy3 Cy5 
Gel1 all Peptides Ammonia 
Gel2 all Ammonia Peptides 
Gel3 all Peptides Ammonia 
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TABLE 4.6. Image comparison of cytoplasmic proteins gel spots that are differentially expressed 
in P. ruminicola 23 when grown on ammonia or peptides 
Spot  
Spot Image 3D Graph 
Ammonia Peptides Ammonia Peptides 
104 
    
108 
    
111 
    
112 
    
212 
    
329 
    
462 
    
456 
    
595 
    
598 
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TABLE 4.7. List of identified cytoplasmic proteins that are differentially expressed in P. 
ruminicola 23 between on ammonia and peptides 
Spot 
ID 
Treatment 
Fold 
change 
a
 
t-test ANOVA ORF number Annotation 
456 Peptides 68.9 0.001 0.001 ORFB02894 Cysteine synthetase A (cysK) 
595 Peptides 8.5 0.009 0.009 ORFB02893 
O-acetylhomoserine 
aminocarboxypropyltransferase-
cysteine synthase family protein 
598 Peptides 24.5 0.004 0.004   
104 Ammonia 13.3 0.001 0.001   
108 Ammonia 29.1 0.001 0.001   
111 Ammonia 57.2 0.001 0.001   
112 Ammonia 37.8 0.001 0.001 ORFB02034 
Glutamine synthetase, Type III 
(GSIII-2) 
212 Ammonia 11.9 0.02 0.02   
329 Ammonia 4.2 0.009 0.009 ORFB02037 
Glutamate synthase, 
NADH/NADPH, small subunit  
462 Ammonia 5.2 0.02 0.02   
a Fold change in proteomic signal intensity during growth on peptides versus ammonia. 
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TABLE 4.8. Effect of different nitrogen sources concentration on enzyme activities in P. 
ruminicola 23 
Enzyme Cofactor Ammonia Peptides 
GDH 
NADPH (nmol/min/mg) <0.1 <0.1 
NADH (nmol/min/mg) <0.1 <0.1 
GS Biosynthetic (nmolPi/min/mg) 8.1 ± 1.3 3.2 ± 2.0 
GOGAT 
NADPH (nmol/min/mg) <0.1 <0.1 
NADH (nmol/min/mg) <0.1 <0.1 
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CHAPTER 5 
COMPARATIVE TRANSCRIPTIONAL PROFILING OF Prevotella ruminicola 23 
DURING GROWTH ON AMMONIA  
 
ABSTRACT 
Changes in the global gene expression profiles of P. ruminicola 23 in response to excess 
or growth-limiting concentrations of ammonia were analyzed by microarray and related to 
changes in enzymatic activity. The results demonstrated dramatic changes in gene expression 
and enzymatic activity between the two conditions. In total, 166 genes (5.8% of the genome) 
were transcriptionally upregulated during growth on non-limiting concentration of ammonia, 
while 287 genes (10.0% of the genome) transcriptionally upregulated during growth on limiting 
concentration of ammonia. Specifically, growth in high concentrations of ammonia induced 
genes involved in amino acid biosynthesis, while ammonia limiting conditions caused the 
induced genes involved in DNA metabolism, protein fate and the manipulation of the cell 
envelope. Ammonia limiting conditions also led to the induction of 20 genes involved in the 
transport of various substrates including amino acids, peptides and amines and carbohydrates, 
organic alcohols and acids transporters.  
We observed that links between carbohydrate and nitrogen metabolism were evident 
from glutamate biosynthesis and reverse TCA cycle upregulation when ammonia was in excess. 
Interestingly, the NADPH-GDH (2.2 fold) and GS-GOGAT (GSIII-2: 35.4, GOGAT large 
subunit: 26.6, and small subunit: 32.6 fold) pathways were also upregulated under these 
conditions. Our results provide a whole genome overview of responses to ammonia limiting and 
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excess growth conditions and thus for understanding regulatory mechanisms used by P. 
ruminicola to adapt to both non-limiting and limiting environmental concentrations of ammonia. 
 
INTRODUCTION 
The genus Prevotella is one of the most numerically dominant bacteria in the rumen, 
making significant contributions to both carbohydrate and nitrogen metabolism (1, 11, 23, 27). 
Prevotella ruminicola is one of the most versatile and well studied species of rumen Prevotella, 
however, little is known about the genetic or biochemical systems that underpin nitrogen 
metabolism in this organism. The biochemical characterization of enzymes involved in ammonia 
assimilation offers significant potential in understanding the function and commensurately the 
role of an enzyme in nitrogen metabolism. Previous research has revealed the function of GDH 
activity on different concentrations of ammonia and revealed it to have high activity when 
ammonia is in liming supply (30, 31). P. bryantii B14, for example, has both NADH- and 
NADPH-dependent glutamate dehydrogenase (GDH) activities and both GDH activities are 
increased when ammonia is limited (31).  Other work has shown the activities of GDHs from P. 
ruminicola 23 and P. brevis GA 33 were similarly increased when ammonia was limiting or 
when ammonia was replaced by peptides as the sole nitrogen source (30). GS is also an 
important enzyme for ammonia assimilation. GS synthesizes glutamine from glutamate and 
ammonia and then glutamate synthase synthesizes glutamate when ammonia is limiting (8). 
Glutamine synthase (GS) activity was also detected in P. bryantii B14 when ammonia was 
limiting and a GDH mutant of P. bryantii B14 was able to grow under the same conditions (32). 
Although these studies have shown regulatory differences occurring between nitrogen 
sources, the regulation of individual enzymes and their genes remain to be characterized and 
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their enzymatic functions are not entirely clear despite an inherent knowledge of their genetic 
and biochemical mechanisms being critical to understand the metabolism of nitrogen by these 
organisms. P. ruminicola has two different GDH enzymes; an NADH- and an NADPH-
dependent GDH, as well as three different GS proteins; GS type I and two GS type III. Here, we 
investigate gene expression and enzyme activities of P. ruminicola 23 grown on non-limiting or 
excess ammonia versus growth limiting concentrations of ammonia in chemostat culture. We 
place these biochemical differences into the context of their regulatory responses using the 
recently completed genome sequence of Prevotella ruminicola 23 (available at the JCVI 
Rumenomics database, http://jcvi.org/rumenomics) and the more recently constructed whole 
genome microarray (Yeoman et al. in preparation) as well as enzymatic assays.  
Collectively this work adds to an increasing knowledge our group has developed 
regarding gene expression and enzymatic activities of P. ruminicola involved in the metabolism 
of carbohydrates (Yeoman et al. in preparation, Kabel et al., in preparation) and now nitrogen 
metabolism at the whole genome scale.  
 
MATERIALS AND METHODS 
Bacteria and growth medium. The P. ruminicola 23 was kindly provided by M. A. Cotta, 
USDA-ARS, National Center for Agricultural Utilization Research, Peoria, Illinois. P. 
ruminicola 23 was grown anaerobically at 39ºC in nitrogen free defined medium (19). Batch 
cultures were maintained and prepared for inoculation of the continuous culture.  
 
Continuous culture.  A two stage chemostat experiment with sequential ammonia excess (10 
mM (NH4)2SO4) and ammonia limiting (0.7 mM (NH4)2SO4) condition was carried out using 
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nitrogen-free defined medium (19) containing glucose (5 g/liter) as the carbon and energy source. 
Continuous cultivation was carried out in a Biostat B fermentor (B. Braun Biotech Inc., 
Allentown, PA) with a 1L working volume at 38.7 ± 0.4ºC and pH 6.7 ± 0.01. Agitation was 
provided by an impeller at 300 rpm while anaerobic conditions were maintained with a 
continuous flow of O2-free CO2 through a sterile 0.22 μm gas filter (Fig. 5.1). Growth was 
initiated by incubation as a batch culture for the first 12 hours with 10 mM (NH4)2SO4. After this 
time, continuous culture was started at a dilution rate of 0.17 h
-1
 (29). After three independent 
samples were obtained on ammonia excess (10 mM) conditions, the medium reservoir was 
replaced with ammonia limiting (0.7 mM) medium. One liter of each independent effluent 
sample was collected into a sterile harvest vessel on ice after steady-state condition were reached  
Steady state was defined as a constant OD600 and effluent ammonia concentration.(Fig. 5.2). 
 
RNA extraction and purification. Total RNAs were isolated from P. ruminicola 23 grown on 
excess and limiting ammonia by use of Trizol method (Invitrogen Corp., Carlsbad, CA). Briefly, 
the cell pellets were frozen under liquid N2 and then frozen cell pellets were ground with pre-
chilled mortar and pestle. Trizol reagent was added to the triturated cell pellet. The mixture was 
homogenized by pipetting several times. The total RNAs were extracted with chloroform, 
precipitated with ethanol, and resuspended with DEPC treated water. The RNA was purified 
with Qiagen RNeasy Cleanup kit (Qiagen, Valencia, CA) following the manufacturer’s protocol. 
RNA concentration and quality were determined by measuring the absorbance ratio A260/A280 
with Nanodrop (NanoDrop Technologies, Wilmington, DE) and Agilent 2100 bioanalyzer 
(Agilent Technologies, Palo Alto, CA) with RNA 6000 NANO chip. Only RNA with an 
A260/A280 ratio of 1.9-2.1 and RIN number >9.0 was used for cDNA synthesis.   
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cDNA synthesis, labeling and hybridization. cDNA was synthesized from 10 μg of total RNA 
using random hexamers and FairPlay III microarray labeling kit (Stratagene, La Jolla, Ca) with 
manufacturer’s protocol. After cDNA synthesis, template RNA was removed and cDNA was 
purified using FairPlay III microarray labeling kit manufacture’s protocol with 4 μl of 3M 
sodium acetate (pH 4.5), 1μl 20 mg/ml glycogen and 100 μl 95% ethanol and incubate at -20ºC 
for 30 min. cDNA was centrifuged and washed with 0.5 ml of 70% ethanol for 3 times and dry 
under air. Purified cDNA was labeled with Cy3-dCTP and Cy5-dCTP dye (GE healthcare, 
Piscataway, NJ) following the manufacturer’s protocol and purified by using FairPlay III 
microarray labeling kit and hybridized to the microarrays. The Microarrays were replicated six 
times, including three biological replicates each with a dye swap. Each gene was present on the 
array five times, adding extra power to the statistical analysis. Microarray slides were scanned 
using a GenePix®  Professional 4200b scanner and GenePix Pro 6.0 software (Molecular 
Devices, Sunnyvale, CA) and analyzed using the Limma package in Bioconductor (25). Genes 
with an up- or down-regulation of 1.9 fold or greater and a False Discovery Rate (FDR) value < 
0.05 were deemed to be statistically significant. 
 
Quantitative real-time PCR assay (qPCR). For RT-qPCR cDNA was generated using the 
Superscript III first-strand synthesis system (Invitrogen, Carlsbad, CA) with random hexamers.  
Each cDNA was synthesized from 100 ng of total RNA following the manufacturer’s protocol. 
The cDNA was then diluted 1:4 with DNase/RNase free water. The qPCR was performed using 
SYBR Green I (Applied Biosystems, Foster city, CA) with an ABI Prism 7900 High Throughput 
Sequence Detection System. 4 μl of cDNA was mixed with 5 μl SYBR Green master mix 
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(Applied Biosystems, Foster City, CA), 0.4 μl of each forward and reverse primer (Table 5.1), 
and 0.2 μl of DNase-RNase free water. Each sample was run in triplicate along 6 point relative 
standard curve of internal control genes; constitutive genes (atpD; ORFB01230, infB; 
ORFB02450, and rpoB; ORFB02217) from cDNA microarray plus non-template control (NTC). 
The qPCR reactions were performed with the following conditions: 50ºC for 2 min, 95ºC for 10 
min, and 40 cycles of 95ºC for 15 s and 60ºC for 1 min. In addition, to verify the presence of a 
single PCR product a dissociation protocol using incremental temperatures to 95ºC for 15 s plus 
65ºC for 15 s was performed. Data were analyzed using the SDS software version 2.2.1. 
(Applied Biosystems, Foster City, CA) using the six point standard curve.  
 
Preparation of crude protein extract. Continuous culture was harvested from the effluent 
vessel kept on ice. Crude enzyme extracts were prepared by modification of previous methods 
(refs). To prepare crude cell extracts, 1L of each culture sample was harvested by centrifuge at 
10,000 × g for 20 min at 4ºC and washed once with anaerobic buffer (50 mM Tris, 1% KCl, 1 
mM Dithiothreitol, pH 6.8) (7). Washed cells will be resuspended in 10 ml of lysis buffer (20 
mM Tris-HCl, 1 mM DTT, and 1 mM phenylmethylsulfonyl fluoride).  Cells will be disrupted 
by sonication at 80 W with 30 sec pulse through a chilled on ice.  Unbroken cells and cell debris 
were removed by centrifugation at 12,000 × g for 5 min at 4ºC. Supernatant was transferred to 
new tubes and used for separation of cytoplasmic and membrane protein extracts.  
 Cytoplasmic and membrane protein extracts were prepared by following a previous 
laboratory protocol (7). Crude protein extracts were subjected to ultracentrifugation in a fixed 
angle rotor at 105,000 × g for 90 min at 4ºC. The supernatant after ultracentrifugation was 
termed the membrane-free cytoplasmic protein extract while the pellet is membrane containing 
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cell fraction . This membrane containing pellet was resuspended with 3 mL of anaerobic buffer 
and then subjected to ultracentrifugation at 105,000 × g for 90 min at 4ºC. The resulting pellet 
was resuspended to 1 ml of anaerobic buffer and this protein extract was termed the membrane 
protein fraction.    
 
Metabolic map construction. Metabolic maps of P. ruminicola 23 on different ammonia 
concentration were constructed by online tool iPath (http://pathways.embl.de/) with up-regulated 
EC number (14).  
 
Enzyme activity assay. Enzyme activities of NADH and NADPH dependent glutamate 
dehydrogenase (GDH), biosynthetic glutamine synthetase (GS), NADH and NADPH dependent 
glutamate synthase (GOGAT) were measured by previous methods (7, 9, 10, 17, 22, 30). To 
describe enzyme localization we used Cytoplasmic and membrane protein extracts were 
analyzed to determine enzyme location. The assay mixture for the GS biosynthetic reaction 
(measures the ability of the GS to form glutamine through Pi released from ATP) consisted of 
100 mM MOPS (pH 7.5), 50 mM MgCl2∙6H2O, 250 mM L-glutamate, 50 mM NH4Cl to which 
approximately 10 µg of GSI, GSIII-1, or GSIII-2 was added. The reaction mixture (90 μl) was 
equilibrated at 37ºC for 5 min. and the reaction was initiated by adding 10 μl of 0.1 M ATP (final 
concentration of 10 mM) in a total volume of 100 μl. The 25 μL of reaction was transferred after 
5 min to a microtiter plate and add 75 μl of solution D (mixture of two parts of 12% (w/v) L-
ascorbic acids in 1N HCl and one part 2% (w/v) ammoniummolybdate tetrahydrate in ddH2O). 
After 5 min incubation and add 75 μl of stop color development solution F (2% (w/v) sodium 
citrate tribasic dehydrate, 2% (v/v) acetic acid, and 2% (w/v) sodium metaarsenite, in ddH2O)  
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and incubation for 15 min at 37ºC. Blank was prepared 10 μl of ddH2O and 90 μl of enzyme 
mixture. The inorganic phosphate product was measured spectrophotometrically at 850 nm as for 
the biosynthetic assay. GS specific activity was expressed as nmol Pi/μg/min. 
 
RESULTS 
Chemostat culture of P. ruminicola 23 grown under limiting and non-limiting ammonia 
concentrations. P. ruminicola cells were grown in continuous culture until cell density and the 
concentration of residual ammonia in the waste stabilized. Cell density during growth under non-
limiting concentrations of ammonia was predictably higher (OD600 3.90 ± 0.28) than that 
observed when P. ruminicola was grown under ammonia limiting concentrations (OD600 1.19 ± 
0.06). Residual ammonia concentration was 3.66 ± 0.21 mM in the effluent following growth 
under non-limiting concentrations of ammonia showing that the nitrogen source was not limiting. 
Conversely residual ammonia was below detectable levels (<0.025mM) (28) during growth 
under ammonia limiting conditions (Fig. 5.2). 
 
Differentially Expressed Genes in Response to Ammonia Concentration. P. ruminicola 23 
genes were differentially expressed when comparing the excess (high and non-limiting for 
growth) and limiting (low) concentrations of ammonia. Fig. 5.3 outlines the general gene 
expression patterns in terms of the numbers of genes differentially expressed by role category 
between the two conditions.  
In total, 460 genes from a total of 2875 genes were up- or down-regulated (166 genes 
upregulated, 294 genes downregulated) during growth on non-limiting concentrations of 
ammonia relative to the limiting concentration (Table 5.2). In general, genes from the functional 
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classes “Amino acid biosynthesis” and “Purines, pyrimidines, nucleosides, and nucleotides” 
were more strongly induced when ammonia was non-limiting (Fig. 5.3).  
On the other hand, genes involved in the categories “Biosynthesis of cofactors, prosthetic 
groups, and carriers”, “Cell envelope”, “Cellular processes”, “DNA metabolism”, “Energy 
metabolism”, “Protein fate”, Regulatory functions”, “Signal transduction”, “Transcription” and 
“Transport and binding proteins” were more active when P. ruminicola 23 was grown on 
limiting concentrations of ammonia. 
 
Transport. Genes involved in ammonium transport and the regulation of ammonium 
transporters were the most strongly induced genes during growth on non-limiting concentrations 
of ammonia. For instance, amt, the ammonium transporter was increased 69.1 fold and the 
nitrogen regulatory protein PII was increased 46.2 fold. Additionally, ABC transporter 
components; two ATP-binding (ORFB02008: 4.1 fold and ORFB02012: 3.0 fold) and permease 
(ORFB02005: 4.1 fold and ORFB02006: 3.7 fold) proteins were also up-regulated.   
On the other hand, during ammonia-limiting conditions three carbohydrate transporter 
genes were up-regulated including two sugar transporters (PTS galactitol family and a 
fucose:hydrogen symporter) and an anaerobic C4-dicarboxylate membrane transporter DcuB. 
Two genes in the category amino acids, peptides and amine transport systems (peptide ABC 
transporter, ORFB01150 and polyamine ABC transporter, periplasmic polyamine-binding 
protein ORFB02830) were up-regulated (ORFB01150: 2.7 fold and ORFB02830: 2.1 fold). 
 
Nitrogen metabolism and amino acid synthesis. Interestingly, genes involved in ammonia 
assimilation were also up-regulated on non-limiting (high) concentration of ammonia. The 
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NADPH-specific glutamate dehydrogenase, gdhA, was 2.2 fold up-regulated. Glutamine 
synthetase and glutamate synthase (GS-GOGAT pathway) were also highly up-regulated on non-
limiting concentration of ammonia. The type III glutamine synthetase, glnA, was increased 35.4 
fold and both subunits of the NADH/NADPH-dependent glutamate synthase (gltD, and gltA) 
were induced 32.7 and 26.6 fold, respectively. The GS-GOGAT pathway is a major ammonia 
assimilation pathway of enteric bacteria grown under ammonia-limiting conditions (15, 18). 
However, transcriptional analysis determined that the GS-GOGAT pathway of P. ruminicola 23 
was more active on non-limiting (high) concentrations of ammonia. NADPH-GDH was also up-
regulated (2.2 fold) by the same condition. 
Other amino acid biosynthesis genes also were up-regulated when P. ruminicola was 
grown on non-limiting concentrations of ammonia. Genes categorized into sub-category 
“aspartate family” asparagine synthase (glutamine-hydrolyzing), asnB, and aspartate-ammonia 
ligase, asnA, were 38.0 fold and 3.6 fold up-regulated. Diaminopimelate epimerase 
(ORFB02035), dapF, and O-acetylhomoserine aminocarboxypropyltransferase / cysteine 
synthase family protein (ORFB02161) were 33.1 and 2.8 fold induced. Diaminopimelate 
epimerase participates lysine biosynthesis and O-acetylhomoserine 
aminocarboxypropyltransferase / cysteine synthease participates in methionine and cysteine 
metabolism. Other sub family genes in amino acid biosynthesis were also induced on non-
limiting concentration of ammonia included ilvE, branched-chain amino acid aminotransferase, 
in pyruvate family and glyA, serine hydroxymethyltransferase, in serine family were 2.2 and 2.0 
fold increased. This up-regulation of the asparagine biosynthetic pathway suggests that P. 
ruminicola 23 synthesizes asparagine to store more nitrogen by accumulation nitrogen rich 
amino acids on non-limiting concentration of ammonia. On the other hand, only two amino acid 
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synthesis genes were up-regulated on limiting concentration ammonia. The other O-
acetylhomoserine aminocarboxypropyltransferase/cysteine synthase family 
protein (ORFB02894) was increased 13.2 fold. Cysteine synthase A, cysK, was increased 10.1 
fold. This O-acetylhomoserine aminocarboxypropyltransferase/cysteine synthase family protein 
may have a different function to the other adjacent O-acetylhomoserine 
aminocarboxypropyltransferase/cysteine synthase family protein (cysK; ORFB02893) also 
upregulated on non-limiting concentration of ammonia. This may represent O-acetylhomoserine 
aminocarboxypropyltransferase/cysteine synthase family protein related with cysteine 
metabolism of P. ruminicola 23 when grown under ammonia-limiting conditions. Overall, P. 
ruminicola 23 showed a higher number of amino acids biosynthetic genes were up-regulated 
when grown under non-limiting concentration of ammonia and these genes can be functionally 
categorized into aspartate, glutamate, cysteine, and lysine metabolism genes while, only two 
cysteine metabolism genes were up-regulated under ammonia-limiting conditions.      
 
Protein fate and synthesis. One lysozyme (ORFB01954) was 2.0 fold induced under non-
limiting concentration of ammonia. Methionyl-tRNA synthetase and cysteinyl-tRNA synthetase 
required in protein synthesis were up-regulated on non-limiting ammonia growth conditions. 
These aminoacyl-tRNA synthetases play a key role in translation. On the other hand, ten genes in 
subfamily “Degradation of proteins, peptides, and glycopeptides” showed a higher expression 
pattern under limiting ammonia growth conditions. Thus M16 family, two C13 family and M49 
family peptidases were two to three fold up-regulated under ammonia-limiting growth 
conditions. Putative D-alanyl-D-alanine dipeptidase and peptidyl-dipeptidase, as well as proline 
iminopeptidase were also up-regulated under ammonia-limiting growth conditions. Up-
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regulation of these peptidases may be related to intracellular nitrogen recycling in P. ruminicola 
23 when grown under non-limiting concentrations of ammonia. This suggests that P. ruminicola 
23 induces peptidase expression to scavenge and utilize another nitrogen source from its habitat 
when the ammonia concentrations are limiting. Chaperonin and co-chaperone (groES and grpE) 
encoding genes were more than two fold up-regulated under limiting concentration of ammonia.  
 
Cell envelope and cellular processes. Higher numbers of cell envelope genes were up-regulated 
on P. ruminicola 23 on limiting concentration of ammonia. Total 38 genes were up-regulated on 
limiting compared with 20 genes on non- limiting concentration of ammonia. One α-1, 2 
mannosidase family protein, glucose-1-phosphate thymidylyltransferase, and mannose-1-
phosphate guanylyltransferase/mannose-6-phosphate isomerase, putative were more than 2 fold 
up-regulated on non-limiting concentration of ammonia. Four glycosyl transferase, group 1 
family proteins and two glycosyl transferase, group 2 family proteins were up-regulated on non-
limiting concentration of ammonia. A total of eight putative lipoproteins and three putative 
membrane proteins were up-regulated on non-limiting concentration of ammonia.  
  In contrast, a total 25 putative lipoproteins and 2 putative membrane proteins were up-
regulated on limiting concentration of ammonia. Similarly, one α-1, 2 mannosidase family 
protein and six glycosyl transferases were up-regulated under limiting concentration of ammonia. 
Three putative receptor antigen RagA were up-regulated and one of RagA (ORFB02929) was 
18.7 fold up-regulated. RagA is outer membrane receptor which is involved in active bacterial 
transport system for large ligands (6). 
 Genes in the categories detoxification and toxin production and resistance were up-
regulated on both non-limiting and limiting concentration of ammonia. Under limiting 
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concentration of ammonia three multidrug efflux transporters were up-regulated. Interestingly, 
GldE; gliding motility protein in the category of chemotaxis and motility was 5.8 fold up-
regulated when grown on limiting concentration of ammonia. This chemotaxis gene up-
regulation indicates that motility potentially along gradients towards essential nutrients such as 
ammonia may be upregulated when grown under limiting concentration of ammonia.  
 
Biosynthesis of cofactors, prosthetic groups, and carriers. Genes in the category biosynthesis 
of cofactors, prosthetic groups, and carriers also showed higher expression when grown on 
limiting concentration of ammonia. Four genes in the sub-category “Heme, porphyrin, and 
cobalamin” were up-regulated when grown under limiting concentration of ammonia. The 
cobalamin biosynthesis protein (CobD), cobyric acid synthase (CobQ), precorrin-3B C17-
methyltransferase/precorrin-8X methylmutase; (cobJH), and cobalt chelatase were clustered 
from ORFB1109 to ORFB01111 on the genome; cobD, cobQ, and cobJH were 3.4, 3.8, and 2.8 
fold up-regulated on low ammonia. CobD and CobQ are involved in cobalamin biosynthesis and 
CobQ is annotated as an amidotransferase. CobQ catalyzes amidation in the biosynthesis of 
cobalamin with glutamine as the amino group donor (2).  
 Four genes in the sub-category “Menaquinone and ubiquinone” were up-regulated and 
clustered between ORFB01741 and ORFB01744. The menC, O-succinylbenzoic acid (OSB) 
synthetase, menB, naphthoate synthase, menD, 2-succinyl-6-hydroxy-2,4-cyclohexadiene-1-
carboxylic acid synthase/2-oxoglutarate decarboxylase, and menF, menaquinone-specific 
isochorismate synthase, genes were 2.1, 2.2, 2.7, and 3.2 fold up-regulated on limiting 
concentration of ammonia. These four genes are involved in vitamin K (menaquinone) 
biosynthesis.  
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DNA metabolism. Genes in the category “DNA metabolism” showed higher up-regulation on 
limiting concentration of ammonia. Putative restriction endonuclease and two DNA methylases, 
C-5 cytosine-specific family from ORFB00370 to ORFB00372 were two fold up-regulated. Six 
genes in the category DNA replication, recombination, and repair were up-regulated on limiting 
concentration of ammonia. Crossover junction endodeoxyribonuclease RuvC, and DNA repair 
protein RecN, single-strand binding protein; ssb, tyrosine recombinase XerD, and two site-
specific recombinases were more than two fold up-regulation on limiting concentration of 
ammonia. This up-regulation of genes in the category DNA replication, recombination, and 
repair indicate that these enzymes alter and control regulation of gene expression.      
   
Regulatory function and signal transduction. Nitrogen regulatory protein PII (ORFB02054) 
was 46.2 fold up-regulated on non-limiting concentration of ammonia. In general nitrogen 
regulatory protein PII plays a pivotal role in nitrogen regulatory processes and activated by 
ammonia limited condition. Therefore, up-regulation of nitrogen regulatory protein PII under 
high ammonia condition is contrary to previous published research on the enteric bacteria and 
cyanobacteria (3, 13, 24).  
 A total of nine regulatory function genes were up-regulated on limiting concentration of 
ammonia. Specifically, the LuxR family transcriptional regulator (ORFB02926) was 4.6 fold up-
regulated. Total six sensor histidine kinase proteins in the category “Signal transduction and two-
component systems” were from two to three fold up-regulated, while one sensor histidine kinase 
was up-regulated on non-limiting concentration of ammonia. Under limiting concentration of 
ammonia P. ruminicola 23 induces different two-component regulatory systems. This would be 
174 
 
expected to alter the transcription and may act to adjust the cell to the metabolism required when 
grown under limiting concentration of ammonia.   
 
Energy metabolism. When P. ruminicola 23 was grown under non-limiting concentration of 
ammonia, two glycosyl hydrolase family 3 genes (ORFB02032 and ORFB02887) were up-
regulated while, two glycosyl hydrolase family 43 (ORFB02157 and ORFB02521), glycosyl 
hydrolase family 10 (ORFB01276), family 32 (ORFB02352), and family 76 (ORFB02814) were 
up-regulated on limiting concentration of ammonia.  An α-galactosidase/carbohydrate binding 
module (ORFB02457) and two arabinan endo-1,5- α -L-arabinosidases (ORFB02771 and 
02772), and β-galatosidase (lacZ) were up-regulated on limiting concentration of ammonia.  In 
contrast, maltodextrin phosphorylase; malP and putative pectin acetlylesterase (ORFB02728) 
were up-regulated on non-limiting concentration of ammonia.  
 
Metabolic map of P. ruminicola 23 grown on high or low ammonia. We constructed 
Metabolic pathways of P. ruminicola 23 were constructed for cells grown under non-limiting 
versus limiting concentrations of ammonia using up-regulated genes based on EC numbers and 
iPath (http://pathways.embl.de/) (14).  
 When P. ruminicola 23 was grown under non-limiting ammonia concentrations links 
between carbon and nitrogen metabolism were evident with ORF’s encoding genes related to 
TCA cycle, glutamate, and glutamine synthesis were up-regulated (Fig. 5.4A). Keto/oxoacid 
ferredoxin oxidoreductase (EC 1.2.7.3; ORFB01177) was up-regulated on reverse TCA cycle 
and that synthesizes 2-oxoglutarate from succinyl-CoA. 2-ketoglutarate is used as backbone for 
glutamate synthesis. Ammonia assimilation pathways were up-regulated. Interestingly, both 
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NADPH-GDH (EC 1.4.1.4; ORFB01249) and GS-GOGAT (GS type III-2; EC 6.3.5.4 
ORFB02034 and GOGAT; EC 1.4.1.13 ORFB02039 and ORFB02037) pathways were up-
regulated.  This ammonia assimilation pathway demonstrates that P. ruminicola 23 uses both 
GDH-GOGAT pathways when grown under non-limiting ammonia concentrations. In addition, 
other amino acid biosynthetic pathways for aspartate synthase, lysine and glycine metabolic 
pathways were also up-regulated. Pathways illustrated on the metabolic map on non-limiting 
concentration of ammonia showed the linkage between carbon and nitrogen metabolism and 
unusual ammonia assimilation pathways using both GDH and GS-GOGAT pathway 
simultaneously (Fig. 5.4).  
 In contrast, when P. ruminicola 23 was grown under limiting concentrations of ammonia 
the metabolic pathway map differed from the non- limiting concentrations of ammonia (Fig. 5.5) 
with only a section of the nitrogen metabolism pathway being up-regulated (Fig. 5.4B) for 
cysteine and methionine metabolism. However, purine, thiamine, and energy metabolism 
pathways were up-regulated (Fig. 5.5a and 5.5C) under limiting concentrations of ammonia. 
Adenylate cyclase (EC 4.6.1.1; ORFB02320) catalyzes the conversion of ATP to cAMP. For the 
sub-category energy metabolism, fructokinase (EC 2.7.1.4; ORFB02355), beta-
galactosidase (EC 3.2.1.23; ORFB00719), glucokinase (EC 2.7.1.2; ORFB01748), NAD-
dependent epimerase/dehydratase (EC 4.2.1.46; ORFB00466), and levanase (EC 3.2.1.65; 
ORFB02353) were up-regulated under limiting concentrations of ammonia. 
 
Regulated gene clusters under non-limiting or limiting concentration of ammonia. Several 
gene clusters were induced in P. ruminicola 23 when grown under limiting and non-limiting 
concentrations of ammonia (Fig. 5.6 and Fig. 5.7). A gene cluster of glycosyl transferase group 
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1, 2, and energy metabolism genes from ORFB01816 to ORFB01835 was 1.8 to 3.3 fold up-
regulated on non-limiting concentration of ammonia.  The ABC transporter gene cluster from 
ORFB02002 to 2010 was from 3.0 to 4.8 fold induced on non-limiting ammonia. The GS-
GOGAT pathway gene cluster was also up-regulated more than 26.6 fold on non-limiting 
ammonia (GS type III-2; ORFB02034 and GOGAT large and small subunits; ORFB02037 and 
ORFB02039). However, the most significantly up-regulated gene cluster was the ammonium 
transporter, nitrogen regulatory protein PII, conserved hypothetical protein, and aspartate 
synthase from ORFB02054 to ORFB02058. In this gene cluster, aspartate synthase was more 
than 38.0 fold up-regulated and ammonium transporter and nitrogen regulatory PII were more 
than 46 fold up-regulated under non-limiting ammonia concentrations. 
 In contrast, when P. ruminicola 23 was grown under growth limiting concentrations of 
ammonia gene clusters related with transport and binding proteins were upregulated (Fig. 5.7). 
One ABC transporter gene cluster from ORFB02059 to ORFB02067 was 1.7 to 3.0 fold induced 
on limiting concentration of ammonia. Two gene clusters related with gene clusters related with 
vitamin biosynthesis were also induced on limiting concentration of ammonia; cobalamin and 
menaquinone. The cobalamin biosynthesis cluster from ORFB01109 to ORFB01114 were up-
regulated more than 2.2 fold induced and menaquinone biosynthesis gene clusters from 
ORFB01740 to ORFB01744 were more than 2.2 fold induced on limiting concentration of 
ammonia.  
 
Enzyme activity. Enzyme activity and protein localization were analyzed for GDH, GS, and 
GOGAT activities from cytoplasmic and membrane protein fractions from cells grown under 
limiting or non-limiting ammonia concentrations. Higher NADPH-GDH activity was detected 
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from the cytoplasmic protein when grown non-limiting concentration of ammonia (Fig. 5.8). On 
the other hand, very low NADH-GDH activity was detected on both cytoplasmic and membrane 
proteins. This high NADPH-GDH activity on high ammonia correlates with 2.2 fold up-
regulation of gdhA (ORFB01249) and enzymatic activity in the cytoplasmic fraction of P. 
ruminicola 23. Higher GS biosynthetic activity was also detected on non-limiting concentration 
of ammonia in the cytoplasm (Fig. 5.9). This GS activity may be related to GS type III-2 
(ORFB02034) gene expression and suggests that GS plays a major cytoplasmic role in ammonia 
assimilation of P. ruminicola 23 grown under high concentration of ammonia. Higher NADPH-
GOGAT activity was also detected at cytoplasm grown on non-limiting concentration of 
ammonia and this NADPH-GOGAT activity is also concomitant with up-regulation of gltD and 
gltA (ORFB02037 and ORFB02039) (Fig. 5.10 and Table 5.3). These enzymatic analyses 
demonstrated NADPH-GDH, GS, and NADPH-GOGAT are major pathways of ammonia 
assimilation in P. ruminicola 23 grown on non-limiting concentration ammonia.  
 
DISCUSSION 
Here we have shown that P. ruminicola 23 responds to changes in ammonia 
concentration using different metabolic pathways. The adaptation to these pathways is 
underpinned by transcriptional regulation and variations in enzyme activities. Transcriptional 
responses revealed links between carbon and nitrogen metabolism through reverse TCA cycle 
and ammonia assimilation pathways when ammonia was not limiting for growth. In general, 
there are two different ammonia assimilation pathways; GDH and GS-GOGAT. In the 
archetypical Gram-negative proteobacterium E. coli, GDH is most active when ammonia is non-
limiting, as are key enzymes in ammonia assimilation and glutamate biosynthesis. This is 
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attributed to the high Km (around 1mM) of GDH (5, 33).  Previous studies have shown that 
Prevotella ruminicola has both NADPH- and NADH-dependent GDH activities (30, 31). As 
expected, up-regulation of gdhA and elevated NADPH-GDH activity were detected under non-
limiting concentrations of ammonia, suggesting that this enzyme may play an anabolic role in 
synthesizing glutamate from ammonia to store excess nitrogen.  
Under the same non-limiting conditions, we also observed higher GS and GOGAT 
activities and commensurate up-regulation of glnA and the GOGAT genes in P. ruminicola 23. 
These observed changes in GS-GOGAT activity and their corresponding gene expression 
profiles observed during growth in high concentrations of ammonia appear different with respect 
to the general function of GS. Further, it appears to be different to what has been observed in 
other systems, where the GS-GOGAT pathway typically plays the major role in ammonia 
assimilation when ammonia concentrations are limiting (below 1mM) (16, 26).  
To our knowledge, this is the first organism to be described whose ammonia assimilation 
pathways use both GDH and GS-GOGAT pathways when grown under non-limiting 
concentrations of ammonia. The dual use of these pathways suggests that glutamate is 
synthesized from α-ketoglutarate by NADPH-GDH and then glutamine is synthesized from 
glutamate by GS. Simultaneously glutamate and α-ketoglutarate are produced from glutamine by 
GOGAT. Even though GS-GOGAT enzyme system requires ATP and is thus more energy than 
GDH to synthesize glutamate, it is likely that P. ruminicola 23 utilizes both GDH and GS-
GOGAT pathways to maintain the glutamate pool for the biosynthesis of amino acids.  
 This unusual GS may represent an evolutionary adaptation of P. ruminicola 23 to the 
ammonia-rich environment where it thrives, the rumen. The ammonia concentration in rumen 
typically ranges from 4 to 70 mM (4) and this concentration is higher than that typically reported 
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to engage the GS-GOGAT pathway. More specifically, P. ruminicola 23 is unlikely to be 
subjected to ammonia-limiting conditions and consequently the regulatory mechanisms 
underpinning the GS-GOGAT pathway may have adapted to such an environment. This would 
potentially afford P. ruminicola 23 the ability to synthesize glutamate by both NADPH-GDH 
and GS-GOGAT pathways enabling the organism to maximize ammonia assimilation pathways 
for glutamate synthesis and outcompetes other microbes in the utilization and exploitation of 
ammonia as a nitrogen source. 
 During growth on non-limiting concentrations of ammonia, P. ruminicola 23 also 
revealed a large up-regulation of the ammonium transporter, amt. This up-regulation of amt in P. 
ruminicola 23 was opposite with previous studies of enteric bacteria (12, 18, 21). This result 
demonstrates the ability of P. ruminicola 23 to detect and respond to fluctuations in the 
surrounding ammonia concentration. However, when concentrations of ammonia became 
limiting, P. ruminicola 23 instead induced a peptide ABC transporter and a polyamine ABC 
transporter, suggesting in the absence of ammonia a concerted effort was made to scavenge more 
complex nitrogen sources or uptake available alternative nitrogen sources.  
Interestingly, when P. ruminicola was grown on non-limiting concentrations of ammonia 
links were observed between carbohydrate and nitrogen metabolisms in the transcriptome, for 
example between the reverse TCA cycle and the NADPH-GDH pathway (Fig. 5.4A). With 
glucose as the carbon source, transcriptional analysis suggested both the glycolytic pathway and 
reverse TCA cycle were providing carbon backbones for amino acid biosynthesis, while 
imported ammonia, acquired by amt, provided the source of amino groups for amino acid 
biosynthesis. However, the links between carbohydrate and nitrogen metabolism differed when 
P. ruminicola 23 was grown under ammonia limiting conditions. Instead, P. ruminicola 23 
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adapted to the limitations in the nitrogen source through altered metabolomic pathways. These 
changes included a rearrangement in their transport capacity, utilizing a peptide ABC transporter, 
an amine transporter and several peptidases to utilize more complex nitrogen sources. Although 
most of the genes of the amino acid biosynthetic pathways were down-regulated under limiting 
concentrations of ammonia, the expression of some of the genes involved in cysteine and 
methionine metabolism were up-regulated. However, transcriptional evidence demonstrated 
down regulation of genes involved in protein synthesis and instead appeared to up-regulate 
purine metabolism under ammonia limitation.  
Although glucose was used as the sole carbon source in the medium, ammonia-limiting 
conditions caused the induction of genes implicated in the metabolism of alternative energy 
sources. These included putative genes involved in the catabolism of fructose, mannose, starch, 
sucrose, and galactose. In addition, ammonia limited conditions induced the expression of a 
putative galactitol PTS transporter, which in other characterized systems enables the uptake of 
exogenous galactitol and causes the release of the carbohydrate phosphate ester, galactitol-1-
phosphate (20).  
In summary, P. ruminicola 23 was grown in chemostat culture, shifting from non-
limiting to limiting concentrations of ammonia to analyze effects on gene expression and enzyme 
activities. P. ruminicola 23 utilizes different ammonia assimilation pathways that involve both 
the NADPH-GDH and GS-GOGAT pathway when ammonia is non-limiting for growth. This 
may be an adaptation by P. ruminicola 23 to more stable concentrations of ammonia in the 
rumen, relative to many other environments by enhancing glutamate biosynthesis, making more 
nitrogen available for amino acid biosynthesis through transamination. Consistent with the 
increased potential for the use of ammonia intracellularly, the ammonium transporter, amt was 
181 
 
also significantly up-regulated suggesting its rate of import was also increased, despite the 
inherent metabolic cost and even though its elevated concentration should enable permeability. 
In contrast, on growth limiting concentrations of ammonia, P. ruminicola 23 may utilize basal 
level of GDH or GS-GOGAT pathways to assimilate ammonia and synthesize amino acids on 
limiting concentration of ammonia. Our study shows a unusual nitrogen metabolism in P. 
ruminicola 23 which may contribute its metabolic versatility and its ability to compete 
successfully in the rumen environment. 
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FIGURES AND TABLES 
 
FIGURE 5.1. Schematic diagram of the continuous culture system: G, sterile air filter; PP, peristaltic pump; M, overhead impeller 
drive motor; solid line, gas flow and medium flow; dotted line, temperature controller. Arrows show direction of medium or gas flow.  
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FIGURE 5.2. Chemostat culture of Prevotella ruminicola 23 grown with shift of ammonia concentration from non-limiting (10 mM) 
to limiting (0.7 mM) conditions. Growth of P. ruminicola 23 (OD600; ■) and ammonia concentration (mM; ▲) represent the average 
of triplicates and error bars represent standard deviation. Arrows indicate sampling points. 
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FIGURE 5.3. Categories of Prevotella ruminicola 23 genes that are expressed > 1.9 fold during growth on limiting and non-limiting 
ammonia concentrations. The genes are categorized according to the JCVI functional annotation.  
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FIGURE 5.4. Metabolic pathways upregulated during growth on non-limiting concentrations of ammonia. The metabolic map was 
generated using up-regulated EC number by iPath (http://pathways.embl.de/) (14). Panel A indicates overall KEGG metabolic 
pathway map and panel B indicates detailed sections of pathways. Nodes in the map correspond to chemical compounds and lines 
represent a series of enzymatic reactions. The bold blue line represents enzymes those are more than 1.9 fold up-regulated.    
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FIGURE 5.5. Metabolic pathways upregulated during growth on limiting concentrations of ammonia. The metabolic map was 
generated using up-regulated EC number by iPath (http://pathways.embl.de/) (14). PanelA indicates overall KEGG metabolic pathway 
map and Panel B indicates detailed sections of pathways. Nodes in the map correspond to chemical compounds and lines represent a 
series of enzymatic reactions. The bold blue line represents enzymes those are more than 1.9 fold up-regulated.    
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FIGURE 5.6. Gene clusters in P. ruminicola 23 grown under non-limiting concentrations of ammonia. Numbers inside genes indicate 
ORF number. Red numbers below gene indicate up-regulation more than 1.9 fold induced, black numbers indicate up-regulation more 
than 1.5 and less than 1.9 fold up-regulation, and blue numbers indicate less than 1.5 fold up-regulated. Color of gene indicates 
categories of primary function of genes. 
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FIGURE 5.7. Gene clusters in P. ruminicola 23 grown under ammonia limted concentration. 
Numbers inside genes indicate ORF number. Red numbers below gene indicate up-regulation 
more than 1.9 fold induced, black numbers indicate up-regulation more than 1.5 and less than 1.9 
fold up-regulation, and blue numbers indicate less than 1.5 fold up-regulated. Color of gene 
indicates categories of primary function of genes. 
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FIGURE 5.8. NADH (A) and NADPH (B) dependent GDH activities of Prevotella ruminicola 23 grown on different environmental 
concentrations of ammonia. P. ruminicola 23 was grown on 10 mM (NH4)2SO4 or 0.7 mM (NH4)2SO4. GDH activities were analyzed 
with cytoplasmic and membrane protein extracts.  NADPH- and NADH-dependent specific activity was expressed as nanomoles of 
NAD(P)H oxidized per minute per milligram of protein. Enzyme activities were normalized by mg of protein used in the enzyme 
assay. The results are the means of three replicates and error bars represent standard deviations.  
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FIGURE 5.9. Biosynthetic GS activity of Prevotella ruminicola 23 grown on different concentration of ammonia. P. ruminicola 23 
was grown on 10 mM (NH4)2SO4 or 0.7 mM (NH4)2SO4. GS activities were analyzed with cytoplasmic and membrane protein 
extracts. Enzyme activities were normalized by mg of protein used in the enzyme assay. The results are the means of three replicates 
and error bars represent standard deviations.  
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FIGURE 5.10. NADH (A) and NADPH (B) dependent GOGAT activities of Prevotella ruminicola 23 grown on different 
environmental concentrations of ammonia. P. ruminicola 23 was grown on 10 mM (NH4)2SO4 or 0.7 mM (NH4)2SO4. GOGAT 
activities were analyzed with cytoplasmic and membrane protein extracts.  NADPH- and NADH-dependent specific activity is defined 
as nanomoles of NAD(P)H oxidized per minute per milligram of protein. The enzyme activities were normalized by mg of protein. 
The results are the means of three replicates and error bars represent standard deviations.  
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TABLE 5.1. Primer lists for qRT-PCR 
Primer Annotation Sequence (5’ to 3’) 
amt-F 
Ammonium transporter 
GGCAAGTATGATGAGGACGGTAA 
amt-R ATCCGAACCATCCCAACCA 
glnK-F 
nitrogen regulatory protein PII 
GTGTGGCCATCACCATTGTG 
glnK-R ATACGACCGTCGCCGATTT 
nextamt-F 
conserved hypothetical protein 
CAACATCGGCTTGACCGACTA 
nextamt-R TGCCTCGAAGATATGGTTGGT 
gltA-F 
NADPH-GOGAT, large subunit  
AAAGAAAGCAAACTCAACCCAAA 
gltA-R CTTTTTCCGCCGTGTATGTTAAC 
gltD-F 
NADH-NADPH GOGAT, small subunit 
AGGACGAGGCTGCCATCAC 
gltD-R GCACCAATCACAGCCACCTT 
gdhA-F 
NADPH-GDH 
ATGCTGGCTACTCGCGGTAT 
gdhA-R CAAGCTGCAGGCACTTCTCA 
gdh-F 
NADH-GDH 
CACTTACCACCCTGCCTATGG 
gdh-R ATGAATGCCTGGCAGAAACG 
GSI-F 
Glutamine synthetase 
AGGCGCCCACTAATGTTTGT 
GSI-R TTCGCAGCATGACACATATCC 
glnA-F 
Glutamine synthetase III-1 
CGGATGGGAACAGGAGTACTTC 
glnA-R GGCACTATCGTGTCCCATCAG 
glnA-1-F 
Glutamine synthetase III-2 
CACATCGCCATTTGCCTTTA 
glnA-1-R CACAGCCGAGTTAAGTGCAATC 
dapF-F 
diaminopimelate epimerase 
GGCAATCCCCACTACGTGAT 
dapF-R TGTTACATCTTTGTGGGAATGCA 
asnB-F 
asparagine synthase 
AGCCGACGAATTCCTGATTG 
asnB-R TTTCAGCTCCGAGGCTACGT 
amitrans-F 
aminotransferase 
GCTGCCGAGGCCATCTATAC 
amitrans-R CACGCAGGGTGGTAAGCAT 
diamino-F 
diaminopimelate dehydrogenase 
ATGTCGATGGGCCACAGTGT 
diamino-R CCATACGGCGGTGGATACC 
ragA-F 
receptor antigen RagA 
GGGCTGGTTCCCATCACTT 
ragA-R AATGCTGGCACGCAGTTTC 
acser-F 
O-acetylhomoserine aminocarboxypropyltransferase-cysteine synthase family protein 
GGACTTCGCGATGCTGGTAA 
acser-R GACCTGCTACTCCACCTTCGA 
cysK-F 
cysteine synthase A 
GCACTGGTATCAGCCGTCAA 
cysK-R CCTCGGCACCATAGGCTTT 
luxR-F 
transcriptional regulator, LuxR family 
ACCAAGGAGATTGCCGAAGA 
luxR-R GTTCGTGGGCTGTGTTGATG 
atpD-F 
ATP synthase F1, beta subunit 
TGGGTATCTATCCCGCTGTTG 
atpD-R TTGACACGCTGGGCACAAT 
infB-F 
translation initiation factor IF-2 
TCAGAGCTGGCCACCATGA 
infB-R CAGCATCCAGACGCTGGTT 
rpoB-F 
DNA-directed RNA polymerase, beta subunit 
GAAGACCTTGCTGAGTGGACTGA 
rpoB-R TAGCAGGCTGGTCGAAACG 
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TABLE 5.2. Differentially expressed genes more than 4.0 fold in P. ruminicola 23 grown under non-limiting concentrations of 
ammonia 
ORF 
number 
Gene Gene function 
Primary role 
catergory b 
EC 
number 
Fold change 
Microarray a RT-qPCR 
ORFB02055 amt ammonium transporter TBP 
 
69.1 387.1 
ORFB02056 
 
conserved hypothetical protein HP 
 
58.3 1130.3 
ORFB02054 
 
nitrogen regulatory protein P-II RF 
 
46.2 281.0 
ORFB02058 asnB asparagine synthase (glutamine-hydrolyzing) AAB 6.3.5.4 38.0 159.3 
ORFB02034 glnA glutamine synthetase, type III [GSIII-2] AAB 6.3.1.2 35.4 71.3 
ORFB02035 dapF diaminopimelate epimerase AAB 5.1.1.7 33.1 73.5 
ORFB02037 gltD glutamate synthase, NADH/NADPH, small subunit AAB 1.4.1.- 32.6 124.0 
ORFB02039 gltA glutamate synthase (NADPH), large subunit AAB 1.4.1.13 26.6 17.0 
ORFB01303 
 
lipoprotein, putative CE 
 
10.3  
ORFB02042 
 
antirepressor, putative RF 
 
10.2  
ORFB01305 
 
TonB dependent receptor TBP 
 
9.2  
ORFB02053 
 
aminotransferase, homolog UF 
 
7.8 13.5 
ORFB02902 
 
conserved domain protein HP 
 
7.0  
ORFB02903 
 
lipoprotein, putative CE 
 
6.3  
ORFB02040 
 
Hypothetical protein HP 
 
6.3  
ORFB01729 
 
conserved hypothetical protein HP 
 
5.1  
ORFB02052 
 
glutamine amidotransferase, class-II domain protein UF 
 
5.0 3.7 
ORFB01956 
 
Hypothetical protein HP 
 
5.0  
ORFB02002 
 
outer membrane efflux protein TBP 
 
4.8  
ORFB02438 
 
Hypothetical protein HP 
 
4.8  
ORFB02011 
 
membrane protein, putative CE 
 
4.7  
ORFB02041 
 
Hypothetical protein HP 
 
4.5  
ORFB02004 
 
efflux transporter, RND family, MFP subunit TBP 
 
4.4  
ORFB02439 
 
CUB domain protein UF 
 
4.4  
ORFB01408 
 
Hypothetical protein HP 
 
4.3  
ORFB02010 
 
membrane protein, putative CE 
 
4.2  
ORFB01407 nrdG anaerobic ribonucleoside-triphosphate reductase activating protein PPNN 
 
4.1  
ORFB02008 
 
ABC transporter, ATP-binding protein TBP 
 
4.1  
ORFB02005 
 
ABC transporter, permease protein TBP 
 
4.1  
ORFB02256 
 
alpha-1,2-mannosidase family protein CE 
 
4.0  
a Fold change in normalized microarray signal intensity during growth on high ammonia versus low ammonia. 
b AAB, Amino acid biosynthesis; BCPC, Biosynthesis of cofactors, prosthetic groups, and carriers; CE, Cell envelope; CP, Cellular processes; CIM, Central intermediary 
metabolism; DM, DNA metabolism; EM, Energy Metabolism; FP, Fatty acid and phospholipid metabolism; MEEF, Mobile and extrachromosomal element functions; PF, Protein 
fate; PS, Protein synthesis; PPNN, Purines, pyrimidines, nucleosides, and nucleotides; RF, Regulatory functions; ST, Signal transduction; TR, Transcription; TBP, Transport and 
binding proteins; UF, Unknown function. 
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TABLE 5.2. (cont.) 
ORF 
number 
Gene Gene function 
Primary role 
catergory b 
EC 
number 
Fold change 
Microarray a RT-qPCR 
ORFB01152 
 
lipoprotein, putative CE 
 
-4.0  
ORFB02397 
 
Hypothetical protein HP 
 
-4.0  
ORFB02354 
 
sugar transporter, fucose:hydrogen symporter (FHS) family TBP 
 
-4.0  
ORFB01800 
 
conserved hypothetical protein HP 
 
-4.1  
ORFB01114 
 
transporter, outer membrane receptor (OMR) family TBP 
 
-4.1  
ORFB02355 
 
fructokinase, putative EM 
 
-4.2  
ORFB00980 
 
Hypothetical protein HP 
 
-4.2  
ORFB01642 
 
receptor antigen RagA, putative CE 
 
-4.2  
ORFB01151 
 
membrane protein, putative CE 
 
-4.3  
ORFB00996 
 
Hypothetical protein HP 
 
-4.5  
ORFB00670 
 
Hypothetical protein HP 
 
-4.5  
ORFB02926 
 
transcriptional regulator, LuxR family RF 
 
-4.6 -15.5 
ORFB00650 
 
Hypothetical protein HP 
 
-4.8  
ORFB00651 
 
conserved hypothetical protein HP 
 
-5.1  
ORFB00916 ssb single-strand binding protein DM 
 
-5.3  
ORFB01380 
 
conserved hypothetical protein HP 
 
-5.4  
ORFB02352 
 
glycosyl hydrolase, family 32 EM 
 
-5.5  
ORFB02935 
 
transporter, outer membrane receptor (OMR) family TBP 
 
-5.6  
ORFB00915 
 
gliding motility protein GldE CP 
 
-5.8  
ORFB02349 
 
conserved hypothetical protein HP 
 
-5.9  
ORFB02387 
 
Hypothetical protein HP 
 
-6.0  
ORFB00917 
 
conserved domain protein HP 
 
-6.3  
ORFB02351 
 
lipoprotein, putative CE 
 
-7.0  
ORFB00667 
 
RNA polymerase sigma-70 factor family protein TR 
 
-7.5  
ORFB02350 
 
lipoprotein, putative CE 
 
-8.0  
ORFB02894 cysK cysteine synthase A AAB 2.5.1.47 -10.1 -17.5 
ORFB00666 
 
Hypothetical protein HP 
 
-10.2  
ORFB02893 
 
O-acetylhomoserine aminocarboxypropyltransferase/cysteine synthase family protein AAB 
 
-13.2 -31.4 
ORFB02928 
 
Hypothetical protein HP 
 
-13.9  
ORFB02934 
 
lipoprotein, putative CE 
 
-14.7  
ORFB02933 
 
conserved domain protein HP 
 
-16.4  
ORFB02930 
 
lipoprotein, putative CE 
 
-17.1  
ORFB02931 
 
Hypothetical protein HP 
 
-18.6  
ORFB02929 
 
receptor antigen RagA, putative CE 
 
-18.7 -51.5 
ORFB02932 
 
Hypothetical protein HP 
 
-19.1  
a Fold change in normalized microarray signal intensity during growth on high ammonia versus low ammonia. 
b AAB, Amino acid biosynthesis; BCPC, Biosynthesis of cofactors, prosthetic groups, and carriers; CE, Cell envelope; CP, Cellular processes; CIM, Central intermediary 
metabolism; DM, DNA metabolism; EM, Energy Metabolism; FP, Fatty acid and phospholipid metabolism; MEEF, Mobile and extrachromosomal element functions; PF, Protein 
fate; PS, Protein synthesis; PPNN, Purines, pyrimidines, nucleosides, and nucleotides; RF, Regulatory functions; ST, Signal transduction; TR, Transcription; TBP, Transport and 
binding proteins; UF, Unknown function. 
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TABLE 5.3. Genes involved in ammonia assimilation in P. ruminicola 23 induced by growth under non-limiting concentrations of 
ammonia 
Gene 
ORF 
number 
Common name Primary role Secondary role 
EC 
number 
Fold change 
Microarray qRT-PCR 
amt ORFB02055 ammonium transporter  
Transport and binding 
proteins 
Cations and iron 
carrying compounds 
 69.1 387.1 
 ORFB02056 conserved hypothetical protein  Hypothetical proteins Conserved  58.3 1130.3 
asnB ORFB02058 
asparagine synthase (glutamine-
hydrolyzing) 
Amino acid biosynthesis Aspartate family 6.3.5.4 38.0 159.3 
 ORFB02054 nitrogen regulatory protein PII  Regulatory functions Protein interactions  46.2 281.0 
glnA ORFB02034 glutamine synthetase, type III [GSIII-2]  Amino acid biosynthesis Glutamate family 6.3.1.2 35.4 71.3 
glnA ORFB01459 glutamine synthetase, type III [GSIII-1] Amino acid biosynthesis Glutamate family 6.3.1.2 1.8 1.7 
 ORFB02151 glutamine synthetase I [GSI] Amino acid biosynthesis Glutamate family  1.3 1.9 
gltD ORFB02037 
glutamate synthase, NADH/NADPH, 
small subunit  
Amino acid biosynthesis Glutamate family 1.4.1.- 32.7 124.0 
gltA ORFB02039 
glutamate synthase (NADPH), large 
subunit  
Amino acid biosynthesis Glutamate family 1.4.1.13 26.6 17.0 
gdhA ORFB01249 
glutamate dehydrogenase, NADP-
specific  
Central intermediary 
metabolism 
Nitrogen metabolism 1.4.1.4 2.2 3.3 
gdh ORFB02165 glutamate dehydrogenase, NAD-specific  Energy metabolism Amino acid and amines 1.4.1.2 1.1 2.3 
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CHAPTER 6 
 
CONCLUSIONS 
The genome sequences of R. albus 8 and P. ruminicola 23 have recently been made 
available by the North American Consortium for the Genomics of Rumen Bacteria. 
Bioinformatic analyses of these genomes coupled with improving molecular techniques have set 
the stage for dramatically improving our understanding of how these organisms respond to 
fluctuations in environmental nitrogen sources.  
R. albus 8 and P. ruminicola 23 each play important roles in the rumen and each utilizes 
ammonia as a primary nitrogen source. Consistent with previous observations, R. albus 8 is able 
to exploit ammonia, urea, and peptides as the sole nitrogen source, while P. ruminicola 23 is able 
to utilize either ammonia or peptides. Neither organism was found to grow solely on amino acids. 
The transcriptomes of both organisms showed marked effects caused by the different nitrogen 
sources.  
This research also demonstrates the ammonia assimilation pathway - the major metabolic 
pathway utilized for growth on ammonia - is regulated by changes in the concentration of 
ammonia available for both R. albus 8 and P. ruminicola 23. The growth rate, gene expression 
and enzymatic activities of R. albus 8 were similar when grown on ammonia or urea, but 
significantly different to those observed during growth on peptides.  
Differences were also observed in the gene expression and enzyme activity profiles of R. 
albus during the different growth phases. This included up-regulation of the ammonium 
transporter (AmtB) and an increase in glutamate dehydrogenase activity (NADH-GDH), while 
GS and the NADPH-dependent GDH were concomitantly down-regulated during the exponential 
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growth phase on both ammonia and urea. Collectively this suggests that glutamate was 
synthesized from ammonia by NADPH-GDH and this glutamate was transformed to glutamine 
by GS during early log phase and then glutamate was transformed to α-ketoglutarate by the up-
regulation of NADH-dependent GDH during the late exponential growth phase. The up-
regulation of AmtB should enhance ammonia uptake from the media, and is likely a response to a 
lowering ammonia concentration at late exponential phase. The synthesis of α-ketoglutarate 
during late exponential phase would provide an intermediate metabolite that can then enter the 
reverse TCA cycle as a source of energy. While, the down-regulation of GS activity should 
reduce the conversion of glutamate to glutamine which probably reflects lowered glutamate 
concentration due to a lowered concentration of ammonia. The improved catalytic activity of the 
NADH-dependent GDH may correspond to the observed links between carbon and nitrogen 
metabolism in R. albus 8 grown on ammonia and urea. In contrast, the metabolic pathways 
highlighted through the transcriptional analysis of R. albus 8 during growth on peptides were 
markedly different to that seen during growth on ammonia and urea. Specifically, growth on 
peptides showed higher gene expression levels of gdhA, glnA, gltB, amtB, glnK, and ureC and 
the NADH-dependent GDH, the NADPH-dependent GDH, and urease activities than growth on 
ammonia and urea. This result indicates that R. albus 8 expresses most of genes related to 
ammonia assimilation for acquiring possible nitrogen source when R. albus 8 was grown on 
peptides as a nitrogen source. Peptide metabolism, however, is likely initiated after transport of 
peptides into the cell. These are then subsequently hydrolyzed to amino acids which can 
subsequently be deaminated or utilized for protein biosynthetic activity. During the late log 
phase the NADPH-dependent GDH was up-regulated to synthesize glutamate from ammonia. 
This suggests that intracellular ammonia concentrations were sufficient for biosynthesis of 
202 
 
glutamate by the NADPH-dependent GDH. However, the NADH-dependent GDH was down-
regulated possibly to conserve intracellular pools of glutamate. 
P. ruminicola 23 grown on the different nitrogen sources; ammonia or peptides, or on 
non-limiting (10 mM) to limiting (0.7 mM) concentrations of ammonia showed how P. 
ruminicola 23 was able to adaptively respond to changing nitrogen sources and concentrations 
through global transcriptional and cognate proteomic adaptations.  
When P. ruminicola 23 was grown on ammonia, transcriptional analysis suggested links 
between the metabolism of carbohydrate and nitrogen, for example between the reverse TCA 
cycle and the GS-GOGAT pathway. P. ruminicola 23 grown on non-limiting concentrations of 
ammonia showed significant up-regulation of GSIII-2 and GOGAT.  Proteomic analysis 
supported this with GSIII-2 found to be 37.8 fold up-regulated during growth on ammonia. Thus 
the collective genomic and proteomic evidence strongly supports GSIII-2 as having a major role 
in ammonia assimilation particularly when ammonia was non-limiting for growth (10 mM). With 
glucose as the carbon source, transcriptional analysis suggested both the glycolytic pathway and 
reverse TCA cycle were providing carbon backbones for amino acid biosynthesis, while 
imported ammonia, acquired by amt, provided the source of amino groups for amino acid 
biosynthesis.  
However, the links between carbohydrate and nitrogen metabolism differed when P. 
ruminicola 23 was grown under ammonia limiting conditions or on peptides. In these cases, P. 
ruminicola 23 instead adapted to the limitations in the nitrogen source through altered metabolic 
pathways. These changes included a rearrangement of their targeted nitrogen source and 
transport capacity, as evidenced by induction of a peptide ABC transporter, an amine transporter 
and several peptidases. This response likely reflects an effort by the organism to exploit more 
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complex nitrogen sources in the absence, or limited availability of ammonia. Although most of 
the genes of the amino acid biosynthetic pathways were down-regulated under limiting 
concentrations of ammonia or peptides, the expression of some of the genes involved in cysteine 
and methionine metabolism were up-regulated. Transcriptional evidence did however 
demonstrate an up-regulation of genes involved in protein synthesis, particularly those associated 
with the ribosome (Fig. 6.1).  
In closing, future genomic studies should aim to ascribe functions to each gene, 
particularly those important to nitrogen metabolism. This is critically important to furthering the 
understanding of nitrogen metabolism in these organisms. The development of a genetic system 
for these organisms will undoubtedly help facilitate this process. These improvements along with 
the development of better techniques to elucidate specificities and activities of transporter 
systems and regulatory proteins should eventually allow a complete understanding of the 
metabolic pathways and their parameters during the utilization of the different nitrogen sources 
by P. ruminicola 23 and R. albus 8.  
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FIGURE 6.1. Comparison of differentially expressed genes when P. ruminicola 23 was grown on ammonia vs. peptides and limiting 
vs. non-limiting concentration of ammonia. 
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APPENDIX A: Culture medium forRuminococcus albus 8 
 
Anaerobic medium for Ruminococcus albus 8  
Items 200 mL 300 mL 500 mL 600 mL 800 mL 1000 mL 
ddH2O 158 mL 237 mL 395 mL 474 mL 632 mL 790 mL 
Mineral Solution I 10 mL 15 mL 25 mL 30 mL 40 mL 90 mL 
Mineral Solution II 10 mL 15 mL 25 mL 30 mL 40 mL 90 mL 
Resazurin (0.1%) 200 μL 300 μL 500 μL 600 μL 800 μL 1 mL 
Hemin Solution (0.05%) 200 μL 300 μL 500 μL 600 μL 800 μL 1 mL 
Use reagent bottle with enough head space for boiling of solution 
(i.e. 1 liter bottle for 500 mL) 
Sparge solution with CO2 until the bottle is not burning to touch (~20 min) 
Pfenning’s solution 200 μL 300 μL 500 μL 600 μL 800 μL 1 mL 
Remove sparger from liquid phase and sparge headspace of bottle only. 
VFA solution 2 mL 3 mL 5 mL 6 mL 8 mL 10 mL 
Na2CO3 0.8 g 1.2 g 2 g 2.4 g 3.0 g 4.0 g 
*Cysteine sulfide Solution 4 mL 6 mL 10 mL 12 mL 16 mL 20 mL 
* For mRNA expression levels using variable nitrogen concentrations this solution is substituted with: 
DTT solution 2.5 mL 3.75 mL 6.25 mL 7.5 mL 10 mL 12.5 mL 
Na2S·9H2O 2.5 mL 3.75 mL 6.25 mL 7.5 mL 10 mL 12.5 mL 
For inoculation add the following aseptically (using a 23G or 22G needle) and make up any volume 
deficiencies with anaerobic ddH2O 
Cellobiose solution 10 mL 15 mL 25 mL 30 mL 40 mL 50 mL 
Vitamin B solution 1 mL 1.5 mL 2.5 mL 3.0 mL 4.0 mL 5.0 mL 
Nitrogen solution 2.5 mL 3.75 mL 6.25 mL 7.5 mL 10 mL 12.5 mL 
Inoculum 2 mL 3 mL 5 mL 6 mL 8 mL 10 mL 
 
Nitrogen sources for different nitrogen sources 
 100 mL of medium 
Ammonium sulfate (NH4)2SO4 (480 mM) 1.25 mL 
Urea (450 mM) 1.00 mL 
Peptide (N-Z amine A) 1.00 g 
 
Inoculum  10 mL 
Cellobiose solution 500 μL 
Nitrogen solution 125 μL 
Vitamin B solution 50 μL 
Inoculum 100 μL 
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Chemically defined solutions 
Mineral Solution 1 (500 mL)  dilute to 500 mL ddH2O 
 K2HPO4  3.0 g 
 
Mineral Solution 2 (500 mL) dilute to 500 mL ddH2O 
NaCl 6.0 g 
(NH4)2SO4 6.0 g 
KH2PO4 3.0 g 
CaCl2·2H2O 0.6 g 
MgSO4·7H2O 0.6 g 
 
Cystine-sulfide solution dilute to 200 mL ddH2O 
Cystine-HCl·H2O 1.25 g 
0.4 N NaOH 120 mL 
Boil solution gas under N2 
Na2S·9H2O  1.25 g 
Continue gassing until solids are dissolved pH 11 and make volume to 200 mL 
Dispense in serum bottle gassed under N2 
Stopper, crimp, and autoclave 
 
Hemin Solution (100 mL) dilute to 100 mL ddH2O 
Hemin 50 mg 
1N NaOH 1 mL 
Autoclave 
 
Pfennig’s trace elements solution  dilute to 1000 mL ddH2O 
Add components sequentially to 1 liter ddH2O and allow to dissolve completely before adding the next 
component 
EDTA 0.5 g 
ZnSO4·7H2O 0.1 g 
MnCl2·4H2O 0.03 g 
H3BO3 0.03 g 
CoCl2·6H2O 0.2 g 
CuCl2·2H2O 0.01 g 
FeCl2·4H2O 1.5 g 
NiCl2·6H2O 0.02 g 
Na2MoO4·2H2O 0,03 g 
Na2SeO3 0.01 g 
 
VFA dilute to 500 mL ddH2O 
0.2 N NaOH 350 mL 
Acetic acid 6.85 mL 
Propionic acid 3.0 mL 
Butyric acid 1.84 mL 
Isobutyric acid 0.55 mL 
2-methylbutyric acid 0.47 mL 
Valeric acid 0.55 mL 
Isovaleric acid 0.55 mL 
Adjust pH 7.5 and adjust volume to 500 mL 
 
Vitamin B solution dilute to 500 mL ddH2O 
Composed of three sub-solution added together aseptically to pre-stoppered, crimped, and autoclaved 
serum bottles in an equal volume fashion. Store in dark at 4ºC 
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Sub-solution  I 
5 mM HEPES 167 mL 
1,4 naphthoquinone 0.125 g (solubilize in 1 mL ethanol first)  
Pyridoxine-HCl 0.1 g 
Pyridoxamine Dihydrochloride 0.075g 
Filter-sterilize (0.22μm) solution into pre-autoclaved, pre-autoclaved, stoppered, and crimped serum 
bottles. Keep at 4ºC 
Sub-solution  II 
ddH2O (pH 3.5) 167 mL 
Riboflavin 0.1 g (warm solution for solubilization) 
Thiamin-HCl  0.1 g 
Dispense in serum bottles, stopper and crimp. Autoclave for 15 min. Store at 4ºC 
Sub-solution  III 
5 mM HEPES 167 mL 
Calcium D-pantothenate 0.1 g 
Nicotinamide 0.1 g 
Biotin 0.1 g  (solubilize in ethanol) 
Folic acid 0.0125 g 
Cyanocobalamin 0.0125 g 
p-aminobenzoic acid 0.0125 g 
Dispense in serum bottles, stopper and crimp. Autoclave for 15 min. Store at 4ºC 
 
Dithiothreitol (DTT) solution (0.8 %) 100 mL 
Boil 100 mL 0.1 M KPO4 (pH 6.5) solution and then sparging N2 gas. Add 0.8 g DTT when the bottle is 
cool to the touch, and allow to solublize. Dispense into N2 gassed serum bottle and then stopper and 
crimp quickly. Autoclave for 15 min and store at 4ºC 
 
Na2S·9H2O solution (3.04% ; 100 mL)  
 
ddH2O (pH 10) 25 mL 
Sparge with N2 
Na2S·9H2O 3.04 g 
Bring volume to 100 mL, and dispense in N2 gassed serum bottle and then stopper and crimp quickly. 
Autoclave for 15min and store at room temperature. 
 
Cellobiose 240mM 100 mL 
Cellobiose 16.43 g 
sparge with CO2 and disposal in CO2 test 
 
14
(NH4)2SO4 480mM 6.342g/100 mL 
15
(NH4)2SO4 480mM 0.6342g/10 mL 
Sparge with N2 and dispense in N2 tent. 
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APPENDIX B: Culture medium for Prevotella ruminicola 23 ( Pittman and Bryant, 1964 and 
Varel et al., 1974) 
 
  100 mL 200 mL 400 mL 600 mL 800 mL 1000 mL 
ddH2O 93.8 187.6 375.2 562.8 750.4 938 
Glucose 0.5 g 1.0 g 2.0 g 3.0 g 4.0 g 5.0 g 
Mineral Solution C 5.0 10.0 20.0 30.0 40.0 50.0 
Haemin 0.1 0.2 0.4 0.6 0.8 1.0 
VFA solution 1.0 2.0 4.0 6.0 8.0 10.0 
Resazurin 0.1 0.2 0.4 0.6 0.8 1.0 
Add above ingredients; adjust pH to 6.5 with NaOH, boil for ~10 mins and cool on ice under O2-free CO2. Then 
add: 
 100 mL 200 mL 400 mL 600 mL 800 mL 1000 mL 
Cysteine-HCL 0.05 0.1 0.2 0.3 0.4 0.5 
 Na2CO3 0.8 1.6 3.2 4.8 6.4 8.0 
 Dispense media into CO2-flushed bottles/tubes and autoclave. Once cool add: 
0.1 ml / 10ml       Vitamin solution 
Nitrogen source 
10 mM Ammonia : 200 uL of 480 mM (NH4)2SO4 
Peptides : 400 uL of 5% peptides solution 
Amino aicds : 800 uL of amino acids solution 
 
Mineral Solution C (All solutions for 500 ml Stock) 
9.0 g        KH2PO4 
9.0 g        NaCl 
0.2 g      CaCl2 
0.2 g      MgCl2 
10 mg    CoCl 
0.1 g      FeSO4 
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APPENDIX C: Glutamate dehydrogenase (GDH) assay mixture (Smith et al., 1980; Meers et al., 
1970, Duncan et at., 1992, and Wen et al., 1997) 
 
1) Turn on the water bath and set the temperature at 37ºC 
  
*Control without NH4Cl 
-GDH assay with 0 mM or 200 mM KCl  
 
2) Add 10ug of the crude enzyme (aliquot extracted from cell culture) into 450 uL enzyme mixture (10ug/50uL) 
 
3) Incubate at 37ºC for 5 min 
 
4) Add 50 uL of 1 M NH4Cl  
 
5) Monitored absorbance change at 340nm during 5min assay 
  
 
 
 
 
 
 
 
 
 
 
 
 
Items Final conc. Stock solution 
Volume 
(uL)/500 uL 
α-ketoglutarate 5 mM 0.1 M α-ketoglutarate solution 25  
KCl 200 mM 1 M KCl solution 100  
NAD(P)H 1 mM 10 mM solution 50  
Tris HCl, pH 7.6 50 mM 0.2 M Tris-HCl buffer pH7.6 125  
NH4Cl 100 mM 1 M NH4Cl solution 50  
 
210 
 
APPENDIX D: Glutamine synthetase (GS) biosynthetic assay (Gawronski et al., 2004 and 
Gonzblez-Romo, 1992) 
 
Method 
Items Final conc. (mM) Stock solution 10mL  
1M MOPS pH8.2 100 1M MOPS 1.0 mL  
MnCl2·6H2O 10 1M MnCl2·6H2O 0.1 mL  
L-glutamate 250 0.85 M L-glutamate 2.94 mL  
NH4Cl 50 1M NH4Cl 0.5 mL  
Water     
GS   10 μL Each tube 
ATP 10 0.1 M ATP 10 μL Each tube 
*After mix and adjust pH 7.0 
 
1) Prepare assay/enzyme mixture (80 μL assay mix + 10 μL enzyme mix) add each GS protein 10 μg/10 μL.  
2) 90 μL of the assay/enzyme mix was added to 16 PCR tubes using a multichannel pipette and equilibrated for 
5min at the desired temperature at thermal cycler 
3) Reactions were initiated by adding of 10 μL 0.1M ATP with multichannel pipette 
4) Add a set of phosphate standards ranging from 0 to 20 mM; 10 μL of each dilution of the phosphate standard was 
added to 90 μL reaction mix instead of substrate 
5) Incubate for 5min 
6) 25 μL of the reactions was removed with multichannel pipette and transfer to 75 μL solution D or E in 96 well 
flat bottomed microwell plate and mix well, and hold at room temperature 
7) After 5min, add 75 μL solution F to the well to stop color development 
8) Prepare the Blank (10 μL ddH2O added to 90 μL assay/enzyme mix)  
9) The reaction was allowed to equilibrate for 15min at room temperature before reading the absorbance at 850 nm 
Chemicals 
   
Solution A: 12% w/v L-ascorbic acids in 1N HCl 
 50 mL of 1N HCl 
12% w/v L-ascorbic acids 6.0 g 
 
Solution B: 2% w/v ammonium molybdate tetrahydrate in ddH2O 
 50 mL of ddH2O 
2% w/v ammonium molybdate tetrahydrate 1.0 g 
 
Solution C: 1% w/v ammonium molybdate tetrahydrate in ddH2O 
 50 mL of ddH2O 
1% w/v ammonium molybdate tetrahydrate 0.5 g 
 
Solution D: mixture of two parts of solution A and one part of solution B 
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30 mL Solution A + 15 mL Solution B 
 
Solution E: mixture of two parts of solution A and one part of solution C 
30 mL Solution A + 15 mL Solution C 
 
Solution F: 2% sodium citrate tribasic dehydrate, 2% acetic acid, and 2% sodium metaarsenite, in ddH2O 
 50 mL of ddH2O 
2% sodium citrate tribasic dihydrate 1.0 g 
2% acetic acid 1.0 mL 
2% sodium metaarsenite 1.0 g 
 
 
Phosphate standards: 20mM potassium phosphate dibasic in ddH2O and dilute to 1mM 
0, 1.0, 5.0, 10.0, 20.0, 30, 40, 50, 75, and 100 nM 
 
Solution A, B, and C were stored at 4ºC and were stable for 1 week.  
Solution D and E were prepared just before use and were stable for 1h at room temperature 
 
Solution D was used when ATP was present at 10mM in the reaction mix for the glutamate and NH4Cl enzyme 
kinetics were studied 
 
Solution F was stable at room temperature for 2 months.  
 
Phosphate standards were prepared and stored frozen at -20 ºC as 1 mL aliquots in 1.5 mL tube.  
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APPENDIX E: Glutamine synthetase (GS) γ-glutamyl transferase assay mixture (Bender et al., 
1977) 
 
1) Turn on the water bath and set the temperature at 37ºC 
 *Control is prepared without arsenate and ADP by replacing the arsenate and ADP solution with water 
 
2) Make enzyme assay mixture 
 
3) 50 uL of Samples (5ug of crude protein) and water are added to the 0.4 mL of assay mixture (final volume is 0.45 
mL) 
  
4) Incubate at 37 ºC 
 
5) Start reaction with addition 50uL of L-glutamine  
 
6) Incubate at 37 ºC for 10min 
 
7) Reaction stopped by addition of 1mL color/stop reagent 
 
8) Read absorbance at 540nm after centrifugation in microcentrifuge (1000×g) 
 
 g/ 100mL 
FeCl3·6H2O 5.5 
Trichloro acetic acid 2.0 
Concentrated HCl 2.1 mL 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Items Final conc. (mM) Stock solution Volume (10 mL) 
Water   6.345 
Imidazole HCl 135 1.0 M Imidazole-HCl, pH 6.0 1.35 
Hydroxylamine 18 0.8 M Hydroxylamine 0.225 
MnCl2 ( MnCl2·4H2O) 1 0.1 M MnCl2 0.1 
Potassium arsenate 25 0.28 M Potassium arsenate 0.89 
ADP 0.36 40 mM ADP 0.09 
L-glutamine 20 0.2 M L-glutamine 0.05 
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APPENDIX F: Glutamate synthase (GOGAT) assay mixture (Meers et al., 1970) 
  
1) Turn on the water bath and set the temperature at 37ºC 
  
2) Make enzyme assay mixture 
 
 
*Blank without NAD(P)H 
 
3) Add 10ug of the crude enzyme (aliquot extracted from cell culture) into 450uL enzyme mixture (10 ug/ 50 uL) 
 
4) Incubate at 37ºC for 5 min 
 
5) Add 50 uL of NAD(P)H 
 
6) Monitored absorbance change at 340nm during 5min assay 
 
 
 
 
 
 
 
 
 
 
 
 
Items Final conc. Stock solution 
Volume 
(uL)/500uL 
α-ketoglutarate 5 mM 0.1 M α-ketoglutarate solution 25 
L-glutamine 5 mM 0.2 M L-glutamine solution 12.5 
water   237.5 
Tris HCl, pH 7.6 50 mM 0.2 M Tris-HCl buffer 125 
NAD(P)H 1 mM 10 mM solution 50 
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APPENDIX G: Differentially expressed genes (> 1.9 fold) in P. ruminicola 23 grown on ammonia as the sole nitrogen source 
ORF number Gene Gene function 
Primary role 
category b 
EC number 
Fold change 
Microarray a RT-qPCR 
ORFB02055 amt ammonium transporter TBP 
 
47.0 96.1 
ORFB02056 
 
conserved hypothetical protein CHP 
 
46.5 243.6 
ORFB02054 
 
nitrogen regulatory protein P-II RF 
 
43.3 145.2 
ORFB02039 gltA glutamate synthase (NADPH), large subunit AAB 1.4.1.13 26.3 32.9 
ORFB02035 dapF diaminopimelate epimerase AAB 5.1.1.7 22.7 26.0 
ORFB02034 glnA glutamine synthetase, type III [GSIII-2] AAB 6.3.1.2 22.5 105.4 
ORFB02037 gltD glutamate synthase, NADH/NADPH, small subunit AAB 1.4.1.- 22.4 39.3 
ORFB02058 asnB asparagine synthase (glutamine-hydrolyzing) AAB 6.3.5.4 15.3 63.1 
ORFB02053 
 
aminotransferase, homolog UF 
 
13.0 18.5 
ORFB02120 
 
diaminopimelate dehydrogenase AAB 1.4.1.16 9.9 17.7 
ORFB02051 pyrG CTP synthase PPNN 6.3.4.2 6.9  
ORFB02052 
 
glutamine amidotransferase, class-II domain protein UF 
 
6.8 9.0 
ORFB02864 
 
phosphomethylpyrimidine kinase, putative/transcriptional regulator, AraC family BCPC 
 
6.3  
ORFB01958 
 
lipoprotein, putative CE 
 
5.7  
ORFB02121 purN phosphoribosylglycinamide formyltransferase PPNN 2.1.2.2 4.6 8.0 
ORFB02866 
 
pyridoxine biosynthesis protein BCPC 
 
4.6  
ORFB02867 
 
glutamine amidotransferase, SNO family UF 
 
4.4  
ORFB01945 
 
receptor antigen RagA, putative CE 
 
3.9  
ORFB02042 
 
antirepressor, putative RF 
 
3.3  
ORFB01946 
 
lipoprotein, putative CE 
 
3.2  
ORFB02032 
 
glycosyl hydrolase, family 3 EM 
 
3.0  
ORFB02059 
 
ABC transporter, ATP-binding protein TBP 
 
2.8  
ORFB00695 malP maltodextrin phosphorylase EM 
 
2.7  
ORFB02066 
 
efflux transporter, RND family, MFP subunit TBP 
 
2.6  
ORFB02768 
 
receptor antigen RagA, putative CE 
 
2.5  
ORFB02799 
 
neopullulanase EM 3.2.1.135 2.5  
ORFB00004 
 
lipoprotein, putative CE 
 
2.4  
ORFB00265 cadA cadmium-translocating P-type ATPase TBP 3.6.3.- 2.4  
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ORFB01954 
 
lysozyme PF 3.2.1.17 2.4  
ORFB00278 
 
receptor antigen RagA, putative CE 
 
2.4  
ORFB02611 
 
lipoprotein, putative CE 
 
2.3  
ORFB01502 trpD anthranilate phosphoribosyltransferase AAB 2.4.2.18 2.2  
ORFB02801 
 
glycosyl hydrolase, family 43 EM 
 
2.2  
ORFB02908 
 
lipoprotein, putatiave CE 
 
2.2  
ORFB02449 nusA transcription termination factor NusA TR 
 
2.2  
ORFB01667 
 
vitamin B12 dependent methionine synthase, activation domain protein UF 
 
2.1  
ORFB02442 
 
DNA-binding protein, histone-like family DM 
 
2.1  
ORFB01499 trpB tryptophan synthase, beta subunit AAB 4.2.1.20 2.1  
ORFB01949 
 
DNA-binding protein, putative UF 
 
2.1  
ORFB01534 
 
antirepressor, putative RF 
 
2.1  
ORFB02874 
 
Toprim domain protein DM 
 
2.1  
ORFB02123 gcvP2 glycine dehydrogenase (decarboxylating), subunit 2 EM 1.4.4.2 2.1  
ORFB02695 
 
cation:sugar symporter, GPH family TBP 
 
2.1  
ORFB00940 
 
prophage PRU01, tail tape measure protein, TP901 family MEEF 
 
2.1  
ORFB02111 
 
esterase, putative UF 
 
2.1  
ORFB02697 
 
sugar transporter, glycoside-pentoside-hexuronide (GPH):cation symporter family TBP 
 
2.1  
ORFB01622 
 
FG-GAP repeat domain protein UF 
 
2.1  
ORFB02065 
 
ABC transporter, permease protein TBP 
 
2.1  
ORFB02800 
 
glycosyl hydrolase, family 43 EM 
 
2.1  
ORFB02060 
 
ABC transporter, permease protein TBP 
 
2.1  
ORFB03059 
 
prophage PRU01, N-acetylmuramoyl-L-alanine amidase CE 3.5.1.28 2.0  
ORFB02881 fucI L-fucose isomerase EM 5.3.1.25 2.0  
ORFB02785 
 
glycosyl transferase, group 2 family protein CE 
 
2.0  
ORFB02485 
 
sensor histidine kinase ST 
 
2.0  
ORFB02124 gcvP1 glycine dehydrogenase (decarboxylating), subunit 1 EM 1.4.4.2 2.0  
ORFB02523 
 
lipoprotein, putative CE 
 
2.0  
ORFB00382 
 
ATPase, AAA family UF 
 
2.0  
ORFB02061 
 
ABC transporter, permease protein TBP 
 
2.0  
ORFB01691 
 
amino acid ABC transporter, ATP-binding protein/permease protein, 
His/Glu/Gln/Arg/opine family 
TBP 
 
2.0  
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ORFB01953 
 
antirepressor, putative RF 
 
2.0  
ORFB02157 
 
glycosyl hydrolase, family 43 EM 
 
2.0  
ORFB01669 pyrC dihydroorotase, multifunctional complex type PPNN 3.5.2.3 2.0  
ORFB01501 trpG anthranilate synthase, component II AAB 4.1.3.27 2.0  
ORFB01159 
 
N-acetylmuramoyl-L-alanine amidase CE 3.5.1.28 1.9  
ORFB02258 
 
PspC domain protein UF 
 
1.9  
ORFB02805 
 
cellulase EM 
 
1.9  
ORFB02049 
 
DNA-binding protein, histone-like family DM 
 
1.9  
ORFB02868 
 
glycosyl hydrolase, family 2 EM 
 
1.9  
ORFB00427 
 
sulfatase-activating enzyme, ChuR family RF 
 
1.9  
ORFB02030 
 
glycosyl hydrolase, family 5 EM 
 
1.9  
ORFB01503 trpC indole-3-glycerol phosphate synthase AAB 4.1.1.48 1.9  
ORFB02182 rpsH ribosomal protein S8 PS 
 
-1.9  
ORFB02222 nusG transcription termination/antitermination factor NusG TR 
 
-1.9  
ORFB02226 rpsU ribosomal protein S21 PS 
 
-1.9  
ORFB02189 rplP ribosomal protein L16 PS 
 
-1.9  
ORFB02997 
 
type I restriction-modification system, S subunit DM 
 
-1.9  
ORFB02175 map methionine aminopeptidase, type I PF 3.4.11.18 -1.9  
ORFB02187 rpsQ ribosomal protein S17 PS 
 
-1.9  
ORFB00777 rpmB ribosomal protein L28 PS 
 
-1.9  
ORFB02219 rplJ ribosomal protein L10 PS 
 
-2.0  
ORFB01794 
 
RloA, putative DM 
 
-2.0  
ORFB01412 
 
HAD-superfamily hydrolase, subfamily IA, variant 3 UF 
 
-2.0  
ORFB00778 rpmG ribosomal protein L33 PS 
 
-2.0  
ORFB00995 
 
nitroreductase family protein UF 
 
-2.0  
ORFB00727 rpmA ribosomal protein L27 PS 
 
-2.0  
ORFB01320 
 
inositol-3-phosphate synthase EM 5.5.1.4 -2.0  
ORFB01045 thrC threonine synthase AAB 4.2.3.1 -2.0  
ORFB00253 pth peptidyl-tRNA hydrolase PS 3.1.1.29 -2.0  
ORFB02817 
 
tetratricopeptide repeat protein UF 
 
-2.0  
ORFB01568 rpsP ribosomal protein S16 PS 
 
-2.0  
ORFB02185 rplX ribosomal protein L24 PS 
 
-2.1  
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ORFB03042 
 
sensor histidine kinase ST 
 
-2.1  
ORFB03074 yfiA ribosomal subunit interface protein PS 
 
-2.1  
ORFB02379 
 
DNA-binding protein, HU family DM 
 
-2.1  
ORFB02184 rplE ribosomal protein L5 PS 
 
-2.1  
ORFB02277 argD acetylornithine aminotransferase AAB 2.6.1.11 -2.1  
ORFB00640 rpsR ribosomal protein S18 PS 
 
-2.1  
ORFB02188 rpmC ribosomal protein L29 PS 
 
-2.1  
ORFB00639 rpsF ribosomal protein S6 PS 
 
-2.1  
ORFB02935 
 
transporter, outer membrane receptor (OMR) family TBP 
 
-2.1  
ORFB03069 
 
virulence-associated protein CP 
 
-2.1  
ORFB02657 acpP acyl carrier protein FP 
 
-2.2  
ORFB02183 rpsN ribosomal protein S14 PS 
 
-2.2  
ORFB01411 ribE riboflavin synthase, alpha subunit BCPC 2.5.1.9 -2.2  
ORFB02655 rnc ribonuclease III TR 3.1.26.3 -2.2  
ORFB02179 rpsE ribosomal protein S5 PS 
 
-2.2  
ORFB02278 proC pyrroline-5-carboxylate reductase AAB 1.5.1.2 -2.2  
ORFB02176 secY preprotein translocase, SecY subunit PF 
 
-2.2  
ORFB00187 
 
lipase, putative FP 
 
-2.2  
ORFB00965 
 
prophage PRU01, type II restriction endonuclease, putative DM 
 
-2.2  
ORFB02276 argC N-acetyl-gamma-glutamyl-phosphate reductase AAB 1.2.1.38 -2.2  
ORFB02186 rplN ribosomal protein L14 PS 
 
-2.3  
ORFB02283 proB glutamate 5-kinase AAB 2.7.2.11 -2.3  
ORFB02177 rplO ribosomal protein L15 PS 
 
-2.3  
ORFB01387 trxB thioredoxin-disulfide reductase EM 1.8.1.9 -2.3  
ORFB00916 ssb single-strand binding protein DM 
 
-2.3  
ORFB02169 rpoA DNA-directed RNA polymerase, alpha subunit TR 2.7.7.6 -2.3  
ORFB02417 rpsT ribosomal protein S20 PS 
 
-2.4  
ORFB00688 
 
DNA methylase, C-5 cytosine-specific family DM 
 
-2.4  
ORFB00597 
 
nucleotidyltransferase, putative UF 
 
-2.4  
ORFB00963 
 
prophage PRU01, type II restriction endonuclease, putative DM 
 
-2.4  
ORFB02270 
 
ATP:cob(I)alamin adenosyltransferase BCPC 
 
-2.5  
ORFB02181 rplF ribosomal protein L6 PS 
 
-2.5  
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a 
Fold change in normalized microarray signal intensity during growth on ammonia versus peptides. 
b
 AAB, Amino acid biosynthesis; BCPC, Biosynthesis of cofactors, prosthetic groups, and carriers; CE, Cell envelope; CP, Cellular processes; CIM, Central 
intermediary metabolism; DM, DNA metabolism; EM, Energy Metabolism; FP, Fatty acid and phospholipid metabolism; MEEF, Mobile and extrachromosomal 
element functions; PF, Protein fate; PS, Protein synthesis; PPNN, Purines, pyrimidines, nucleosides, and nucleotides; RF, Regulatory functions; ST, Signal 
transduction; TR, Transcription; TBP, Transport and binding proteins; UF, Unknown function. 
 
 
 
 
ORFB02892 
 
transcriptional regulator, AsnC family RF 
 
-2.5  
ORFB00964 
 
prophage PRU01, DNA methylase, C-5 cytosine-specific family DM 
 
-2.5  
ORFB02168 rplQ ribosomal protein L17 PS 
 
-2.6  
ORFB02170 rpsD ribosomal protein S4 PS 
 
-2.6  
ORFB00641 rpL9 ribosomal protein L9 PS 
 
-2.6  
ORFB02315 rpmH ribosomal protein L34 PS 
 
-2.6  
ORFB02172 rpsM ribosomal protein S13 PS 
 
-2.7  
ORFB02280 
 
DNA-binding protein UF 
 
-2.7  
ORFB00687 
 
type II restriction endonuclease, putative DM 
 
-2.8  
ORFB02178 rpmD ribosomal protein L30 PS 
 
-2.9 -3.9 
ORFB00915 
 
gliding motility protein GldE CP 
 
-2.9  
ORFB02174 infA translation initiation factor IF-1 PS 
 
-3.0 -3.3 
ORFB02171 rpsK ribosomal protein S11 PS 
 
-3.2 -3.3 
ORFB02180 rplR ribosomal protein L18 PS 
 
-3.2 -3.2 
ORFB02173 rpmJ ribosomal protein L36 PS 
 
-3.6  
ORFB02926 
 
transcriptional regulator, LuxR family RF 
 
-4.7 -3.1 
ORFB02930 
 
lipoprotein, putatuve CE 
 
-6.2  
ORFB02893 
 
O-acetylhomoserine aminocarboxypropyltransferase/cysteine synthase family 
protein 
AAB 
 
-7.5 -138.2 
ORFB02934 
 
lipoprotein, putative CE 
 
-7.8  
ORFB02929 
 
receptor antigen RagA, putative CE 
 
-8.0 -11.4 
ORFB02894 cysK cysteine synthase A AAB 2.5.1.47 -12.0 -83.5 
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APPENDIX H: Differentially expressed genes (> 1.9 fold) in P. ruminicola 23 grown on non-limiting concentration of ammonia 
ORF number Gene Gene function 
Primary role 
catergory b 
EC number 
Fold change 
Microarray a RT-qPCR 
ORFB02055 amt ammonium transporter  TBP 
 
69.1 387.1 
ORFB02054 
 
nitrogen regulatory protein PII  RF  
46.2 281.0 
ORFB02058 asnB asparagine synthase (glutamine-hydrolyzing)  AAB 6.3.5.4 38.0 159.3 
ORFB02034 glnA glutamine synthetase, type III [GSIII-2] AAB 6.3.1.2 35.4 71.3 
ORFB02035 dapF diaminopimelate epimerase  AAB 5.1.1.7 33.1 73.5 
ORFB02037 gltD glutamate synthase, NADH/NADPH, small subunit  AAB 1.4.1.- 32.6 124.0 
ORFB02039 gltA glutamate synthase (NADPH), large subunit  AAB 1.4.1.13 26.6 17.0 
ORFB01303 
 
lipoprotein, putative  CE 
 
10.3  
ORFB02042 
 
antirepressor, putative  RF 
 
10.2  
ORFB01305 
 
TonB dependent receptor  TBP 
 
9.2  
ORFB02053 
 
aminotransferase, homolog  UF 
 
7.8 13.5 
ORFB02903 
 
lipoprotein, putative  CE 
 
6.3  
ORFB02052 
 
glutamine amidotransferase, class-II domain protein  UF 
 
5.0 3.7 
ORFB02002 
 
outer membrane efflux protein  TBP 
 
4.8  
ORFB02011 
 
membrane protein, putative  CE 
 
4.7  
ORFB02004 
 
efflux transporter, RND family, MFP subunit  TBP 
 
4.4  
ORFB02439 
 
CUB domain protein  UF 
 
4.4  
ORFB02010 
 
membrane protein, putative  CE 
 
4.2  
ORFB01407 nrdG anaerobic ribonucleoside-triphosphate reductase activating protein  PPNN 1.97.1.4 4.1  
ORFB02008 
 
ABC transporter, ATP-binding protein  TBP 
 
4.1  
ORFB02005 
 
ABC transporter, permease protein  TBP 
 
4.1  
ORFB02256 
 
alpha-1,2-mannosidase family protein  CE 3.2.1.113 4.0  
ORFB02258 
 
PspC domain protein  UF 
 
3.8  
ORFB01320 
 
inositol-3-phosphate synthase EM 5.5.1.4 3.8  
ORFB02006 
 
ABC transporter, permease protein  TBP 
 
3.7  
ORFB01953 
 
antirepressor, putative  RF 
 
3.7  
ORFB02908 
 
lipoprotein, putatiave  CE 
 
3.7  
ORFB00524 
 
pyridoxamine 5'-phosphate oxidase family protein  BCPC 1.4.3.5 3.6  
ORFB01772 asnA aspartate--ammonia ligase  AAB 6.3.1.1 3.6  
ORFB01771 
 
lipoprotein, putative  CE 
 
3.4  
ORFB01829 
 
glycosyl transferase, group 1 family protein  CE 2.4.1.- 3.3  
ORFB02009 
 
transcriptional regulator, GntR family  RF 
 
3.3  
ORFB01821 
 
glycosyl transferase, group 1 family protein  CE 2.4.1.- 3.0  
ORFB02012 
 
ABC transporter, ATP-binding protein  TBP 
 
3.0  
ORFB01823 
 
glycosyl transferase, group 2 family protein  CE 
 
2.9  
ORFB02257 
 
transcriptional regulator, PadR family  RF 
 
2.9  
ORFB01827 
 
glycosyl transferase, group 1 family protein CE 2.4.1.- 2.8  
ORFB01736 guaA GMP synthase (glutamine-hydrolyzing)  PPNN 6.3.5.2 2.8  
ORFB02576 
 
polyprenyl synthetase family protein BCPC 2.5.1.1 2.8  
ORFB02161 
 
O-acetylhomoserine aminocarboxypropyltransferase/cysteine synthase family protein  AAB 2.5.1.49 2.8  
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2.5.1.47 
ORFB01824 
 
glycosyl transferase, group 2 family protein  CE 
 
2.7  
ORFB00146 
 
divergent AAA domain protein  UF 
 
2.7  
ORFB01830 
 
membrane protein, putative  CE 
 
2.7  
ORFB02550 
 
peptidase, M16 family  PF 3.4.24.- 2.6  
ORFB02436 
 
TfoX N-terminal domain protein  UF 
 
2.5  
ORFB01822 
 
glycosyl transferase, group 1 family protein  CE 
 
2.5  
ORFB02957 
 
Fe-S metabolism associated family protein  BCPC 
 
2.5  
ORFB02761 
 
peptidase, M1 family  PF 3.4.-.- 2.5  
ORFB02891 
 
transcriptional regulator, MarR family  RF 
 
2.5  
ORFB01949 
 
DNA-binding protein, putative UF 
 
2.5  
ORFB01733 mscL large conductance mechanosensitive channel protein  CP 
 
2.5  
ORFB02255 
 
glutaminase, putative  EM 3.5.1.2 2.5  
ORFB01828 
 
acyltransferase family protein  UF 
 
2.4  
ORFB02675 
 
acetyltransferase, GNAT family  UF 
 
2.4  
ORFB02678 
 
DJ-1/PfpI family/glyoxalase family protein UF 
 
2.4  
ORFB00747 
 
phosphoribosylformylglycinamidine cyclo-ligase, putative  PPNN 6.3.3.1 2.4  
ORFB02889 
 
nitroreductase family protein UF 
 
2.3  
ORFB01958 
 
lipoprotein, putative  CE 
 
2.3  
ORFB02676 
 
pyridoxamine 5'-phosphate oxidase family protein  BCPC 1.4.3.5 2.3  
ORFB02890 
 
glutathione peroxidase family protein  CP 1.11.1.9 2.3  
ORFB01712 
 
lipoprotein, putative  CE 
 
2.3  
ORFB00230 rfbA glucose-1-phosphate thymidylyltransferase  CE 2.7.7.24 2.3  
ORFB02049 
 
DNA-binding protein, histone-like family  DM 
 
2.3  
ORFB02664 
 
iron compound ABC transporter, permease protein  TBP 
 
2.3  
ORFB01954 
 
lysozyme  PF 3.2.1.17 2.3  
ORFB00920 carB carbamoyl-phosphate synthase, large subunit  PPNN 6.3.5.5 2.2  
ORFB02548 
 
chloramphenicol acetyltransferase  CP 
 
2.2  
ORFB02578 
 
phosphoribulokinase/uridine kinase family protei UF 
 
2.2  
ORFB02032 
 
glycosyl hydrolase, family 3  EM 
 
2.2  
ORFB02442 
 
DNA-binding protein, histone-like family  DM 
 
2.2  
ORFB02497 
 
sensor histidine kinase  ST 
 
2.2  
ORFB01249 gdhA glutamate dehydrogenase, NADP-specific  CIM 1.4.1.4 2.2 3.3 
ORFB02579 
 
transporter, phosphate:sodium symporter (PNaS) family TBP 
 
2.2  
ORFB01980 
 
lipoprotein, putative  CE 
 
2.2  
ORFB00169 ilvE branched-chain amino acid aminotransferase  AAB 2.6.1.42 2.2  
ORFB01179 
 
keto/oxoacid ferredoxin oxidoreductase, alpha subunit, putative  EM 1.2.7.4 2.2  
ORFB02051 pyrG CTP synthase  PPNN 6.3.4.2 2.2  
ORFB02623 nadA quinolinate synthetase complex, A subunit  BCPC 
 
2.1  
ORFB01041 
 
thioredoxin domain protein  UF 
 
2.1  
ORFB02380 
 
rhomboid family protein  UF 
 
2.1  
ORFB03064 
 
ferridoxin oxidoreductase, 4Fe-4S binding subunit, putative  EM 
 
2.1  
ORFB01177 
 
keto/oxoacid ferredoxin oxidoreductase, beta subunit, putative  EM 1.2.7.3 2.1  
ORFB00523 
 
cupin domain protein  UF 
 
2.1  
ORFB02288 
 
acetylesterase, putative/GDSL-like lipase/acylhydrolase  UF 
 
2.1  
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ORFB01127 
 
peptidyl-prolyl cis-trans isomerase, putative  PF 5.2.1.8 2.1  
ORFB01458 
 
thiol:disulfide interchange protein, putative  PF 
 
2.1  
ORFB01835 
 
mannose-1-phosphate guanylyltransferase/mannose-6-phosphate isomerase, putative  CE 
2.7.7.22  
5.3.1.8 
2.1  
ORFB02628 mets methionyl-tRNA synthetase  PS 6.1.1.10 2.1  
ORFB02958 nrdD anaerobic ribonucleoside-triphosphate reductase PPNN 1.17.4.2 2.1  
ORFB02728 
 
pectin acetylesterase, putative  EM 
 
2.1  
ORFB01947 
 
lipoprotein, putative CE 
 
2.1  
ORFB02937 
 
thiol-disulfide oxidoreductase, putative EM 
 
2.1  
ORFB01143 
 
mobilization protein  CP 
 
2.1  
ORFB02298 
 
cellulase domain protein  UF 
 
2.0  
ORFB02575 deoC deoxyribose-phosphate aldolase PPNN 4.1.2.4 2.0  
ORFB03057 
 
nitroimidazole resistance protein, putative  CP 
 
2.0  
ORFB01920 acrA acriflavine resistance protein A  CP 
 
2.0  
ORFB02762 purL phosphoribosylformylglycinamidine synthase  PPNN 6.3.5.3 2.0  
ORFB01881 
 
PAP2 domain protein UF 
 
2.0  
ORFB01300 
 
thiol-disulfide oxidoreductase, putative  EM 
 
2.0  
ORFB02816 
 
archaeal ATPase family protein  UF 
 
2.0  
ORFB02887 
 
glycosyl hydrolase, family 3 EM 
 
2.0  
ORFB00125 
 
TonB dependent receptor  TBP 
 
2.0  
ORFB02756 
 
MgtC family protein  UF 
 
2.0  
ORFB02939 cysS cysteinyl-tRNA synthetase PS 6.1.1.16 2.0  
ORFB02674 
 
FMN reductase, NADPH-dependent domain protein  UF 
 
2.0  
ORFB00695 malP maltodextrin phosphorylase  EM 
 
1.9  
ORFB00660 glyA serine hydroxymethyltransferase  AAB 2.1.2.1 1.9  
ORFB01790 sodB superoxide dismutase [Mn/Fe]  CP 1.15.1.1 1.9  
ORFB00518 
 
DNA polymerase IV, putative  DM 2.7.7.7 1.9  
ORFB00505 
 
oxidoreductase, short chain dehydrogenase/reductase family  UF 
 
1.9  
ORFB02791 
 
fumarylacetoacetate hydrolase family protein  UF 
 
1.9  
ORFB00347 
 
tetratricopeptide repeat protein  UF 
 
-1.9  
ORFB00157 
 
TonB dependent receptor  TBP 
 
-1.9  
ORFB01792 
 
bacterial sugar transferase family protein  CE 
 
-1.9  
ORFB01569 
 
glycosyl transferase, group 2 family protein  CE 
 
-1.9  
ORFB02060 
 
ABC transporter, permease protein  TBP 
 
-1.9  
ORFB01330 kduI 4-deoxy-L-threo-5-hexosulose-uronate ketol-isomerase  EM 5.3.1.17 -1.9  
ORFB03051 rpmE ribosomal protein L31  PS 
 
-1.9  
ORFB02717 
 
RNA polymerase sigma-70 factor, ECF subfamily  TR 
 
-1.9  
ORFB00440 
 
sugar transporter, fucose:hydrogen symporter (FHS) family  TBP 
 
-1.9  
ORFB00092 
 
polysaccharide biosynthesis family protein  CE 
 
-1.9  
ORFB00457 
 
membrane protein, putative  CE 
 
-1.9  
ORFB01676 
 
sensor histidine kinase  ST 
 
-1.9  
ORFB01058 
 
carbamoyl-phosphate synthase, large subunit  PPNN 
 
-1.9  
ORFB02222 nusG transcription termination/antitermination factor NusG  TR 
 
-1.9  
ORFB00938 
 
prophage PRU01, site-specific recombinase, phage integrase family  MEEF 
 
-1.9  
ORFB03056 
 
DNA mismatch endonuclease Vsr family protein  DM 
 
-1.9  
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ORFB00213 
 
DNA-binding protein, histone-like family  DM 
 
-1.9  
ORFB00711 dcp peptidyl-dipeptidase Dcp  PF 3.4.15.5 -1.9  
ORFB01015 
 
peptidase, M49 (dipeptidyl-peptidase III) family  PF 3.4.14.4 -1.9  
ORFB00520 
 
transporter, membrane fusion protein (MFP) family  TBP 
 
-1.9  
ORFB01094 
 
nucleoside transport family protein  TBP 
 
-1.9  
ORFB02771 
 
arabinan endo-1,5-alpha-L-arabinosidase, putative  EM 
 
-1.9  
ORFB02471 
 
lipoprotein, putative  CE 
 
-1.9  
ORFB02711 
 
HAMP/SpoIIE domain protein  UF 
 
-1.9  
ORFB00940 
 
prophage PRU01, tail tape measure protein, TP901 family  MEEF 
 
-1.9  
ORFB00847 
 
STAS domain protein  UF 
 
-1.9  
ORFB02065 
 
ABC transporter, permease protein  TBP 
 
-1.9  
ORFB02020 
 
M23 peptidase/LysM domain protein  UF 
 
-1.9  
ORFB00414 thiE thiamine-phosphate pyrophosphorylase  BCPC 2.5.1.3 -1.9  
ORFB00614 
 
tetratricopeptide repeat protein  UF 
 
-1.9  
ORFB01666 
 
Ser/Thr protein phosphatase family protein  UF 
 
-1.9  
ORFB00466 
 
NAD-dependent epimerase/dehydratase family protein  EM 4.2.1.46 -1.9  
ORFB02391 
 
lipoprotein, putative  CE 
 
-1.9  
ORFB03090 cas2 CRISPR-associated protein Cas2  MEEF 
 
-1.9  
ORFB00859 ruvC crossover junction endodeoxyribonuclease RuvC  DM 3.1.22.4 -2.0  
ORFB02653 
 
RNA polymerase sigma-70 factor, ECF subfamily  TR 
 
-2.0  
ORFB00460 
 
wbuO protein, putative  CE 
 
-2.0  
ORFB00114 
 
glycosyl transferase family protein  CE 
 
-2.0  
ORFB00372 
 
DNA methylase, C-5 cytosine-specific family  DM 
 
-2.0  
ORFB00521 
 
membrane protein, putative  CE 
 
-2.0  
ORFB02366 xerD tyrosine recombinase XerD  DM 
 
-2.0  
ORFB00446 grpE co-chaperone GrpE  PF 
 
-2.0  
ORFB02153 
 
TPR domain protein  UF 
 
-2.0  
ORFB00193 
 
thiamine biosynthesis lipoprotein ApbE, putative  BCPC 
 
-2.0  
ORFB02814 
 
glysosyl hydrolase, family 76  EM 
 
-2.0  
ORFB02022 
 
4'-phosphopantetheinyl transferase family protein  PF 2.7.8.- -2.0  
ORFB01625 
 
DNA-binding protein, histone-like family  DM 
 
-2.0  
ORFB00707 
 
ribonuclease, Rne/Rng family  CP 
 
-2.0  
ORFB02831 
 
sensor histidine kinase/DNA-binding response regulator  RF 
 
-2.0  
ORFB01369 
 
iron-sulfur cluster-binding protein  EM 
 
-2.0  
ORFB01385 
 
endonuclease/exonuclease/phosphatase family protein  UF 
 
-2.0  
ORFB01137 
 
site-specific recombinase, phage integrase family  DM 
 
-2.0  
ORFB01381 
 
phosphoglycerate mutase family protein  UF 
 
-2.0  
ORFB00964 
 
prophage PRU01, DNA methylase, C-5 cytosine-specific family  DM 
 
-2.0  
ORFB00113 
 
glycosyl transferase family protein  CE 
 
-2.0  
ORFB00579 
 
Fe-S oxidoreductase, putative  UF 
 
-2.0  
ORFB02510 
 
site-specific recombinase, resolvase family, truncation  DM 
 
-2.1  
ORFB02646 
 
ampG protein, putative  CP 
 
-2.1  
ORFB00869 recN DNA repair protein RecN  DM 
 
-2.1  
ORFB01333 
 
sensor histidine kinase  ST 
 
-2.1  
ORFB01735 
 
putative TonB dependent receptor  TBP 
 
-2.1  
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ORFB01000 
 
transcriptional regulator, AraC family  RF 
 
-2.1  
ORFB00371 
 
DNA methylase, C-5 cytosine-specific family  DM 2.1.1.37 -2.1  
ORFB01434 
 
acyltransferase family protein UF 
 
-2.1  
ORFB02157 
 
glycosyl hydrolase, family 43  EM 
 
-2.1  
ORFB01741 menC O-succinylbenzoic acid (OSB) synthetase BCPC 4.2.1.- -2.1  
ORFB01310 
 
lipoprotein, putative  CE 
 
-2.1  
ORFB00073 
 
sensory box histidine kinase  RF 
 
-2.1  
ORFB03069 
 
virulence-associated protein  CP 
 
-2.1  
ORFB02830 
 
polyamine ABC transporter, periplasmic polyamine-binding protein, putative  TBP 
 
-2.1  
ORFB00656 
 
lipoprotein, putative  CE 
 
-2.2  
ORFB01742 menB naphthoate synthase BCPC 4.1.3.36 -2.2  
ORFB02468 
 
transcriptional regulator, putative RF 
 
-2.2  
ORFB01631 
 
sensor histidine kinase  ST 
 
-2.2  
ORFB00536 
 
lipoprotein, putative  CE 
 
-2.2  
ORFB01648 
 
lipoprotein, putative  CE 
 
-2.2  
ORFB00187 
 
lipase, putative  FP 
 
-2.2  
ORFB02353 
 
levanase  EM 3.2.1.65 -2.2  
ORFB01113 
 
cobalt chelatase  BCPC 
 
-2.2  
ORFB01848 
 
lipoprotein, putative  CE 
 
-2.2  
ORFB00370 
 
restriction endonuclease, putative  DM 
 
-2.2  
ORFB02768 
 
receptor antigen RagA, putative  CE 
 
-2.2  
ORFB01885 
 
D-alanyl-D-alanine dipeptidase, putative PF 3.4.13.- -2.2  
ORFB02097 terD tellurium resistance protein TerD  CP 
 
-2.2  
ORFB01359 
 
metallo-beta-lactamase family protein  UF 
 
-2.2  
ORFB00706 
 
glycosyl transferase, group 2 family protein  CE 
 
-2.3  
ORFB00484 
 
peptidase, M16 family  PF 
 
-2.3  
ORFB00321 
 
pantothenate kinase, putative  BCPC 2.7.1.33 -2.3  
ORFB02267 
 
lipoprotein, putative CE 
 
-2.3  
ORFB01388 
 
sensor histindine kinase/DNA-binding response regulator  RF 
 
-2.3  
ORFB00428 
 
heat shock protein  PF 
 
-2.3  
ORFB02810 
 
alpha-1,2-mannosidase family protein  CE 3.2.1.113 -2.3  
ORFB01647 
 
outer membrane protein SusC, putative  EM 
 
-2.3  
ORFB01252 
 
sensor histidine kinase  ST 
 
-2.3  
ORFB01367 
 
glucose inhibited division protein A, putative  UF 
 
-2.3  
ORFB02772 
 
arabinan endo-1,5-alpha-L-arabinosidase  EM 3.2.1.99 -2.3  
ORFB00105 
 
glycosyl transferase, group 1 family protein  CE 2.4.1.- -2.3  
ORFB02803 
 
putative TonB dependent receptor  TBP 
 
-2.3  
ORFB02599 
 
transporter, outer membrane receptor (OMR) family  TBP 
 
-2.3  
ORFB02707 
 
polygalacturonase family protein  EM 3.2.1.15 -2.3  
ORFB02066 
 
efflux transporter, RND family, MFP subunit  TBP 
 
-2.3  
ORFB03065 
 
glycosyl transferase, group 2 family protein  CE 2.4.1.- -2.3  
ORFB02709 
 
lipoprotein, putative  CE 
 
-2.4  
ORFB01746 
 
ROK family protein  UF 
 
-2.4  
ORFB01331 
 
sugar transporter, PTS galactitol (Gat) family, IIC component TBP 
 
-2.4  
ORFB01659 
 
heat shock protein, class I  PF 
 
-2.4  
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ORFB01358 pip proline iminopeptidase  PF 3.4.11.5 -2.4  
ORFB01342 
 
ABC transporter, permease protein, putative  TBP 
 
-2.4  
ORFB00708 
 
DNA-binding protein, HU family  DM 
 
-2.4  
ORFB00041 clpS ATP-dependent Clp protease adaptor protein ClpS  PF 
 
-2.4  
ORFB02457 
 
alpha-galactosidase/carbohydrate binding module, family 6 domain protein  EM 3.2.1.22 -2.4  
ORFB00821 
 
glycosyl hydrolase, family 25 protein  PF 3.2.1.17 -2.4  
ORFB01740 
 
O-succinylbenzoic acid--CoA ligase, homolog UF 6.2.1.26 -2.5  
ORFB02521 
 
glycosyl hydrolase, family 43  EM 
 
-2.5  
ORFB00535 
 
lipoprotein, putative  CE 
 
-2.5  
ORFB00979 
 
Clp protease, putative  PF 3.4.21.92 -2.5  
ORFB00930 
 
low molecular weight phosphotyrosine protein phosphatase, putative RF 
 
-2.5  
ORFB00384 
 
haloacid dehalogenase-like hydrolase domain protein  UF 
 
-2.5  
ORFB00537 
 
lipoprotein, putative  CE 
 
-2.5  
ORFB01386 
 
glutathione peroxidase  CP 1.11.1.9 -2.5  
ORFB00038 
 
MATE efflux family protein  CP 
 
-2.6  
ORFB02612 
 
polysaccharide hydrolase, homolog  UF 
 
-2.6  
ORFB00929 rho transcription termination factor Rho  TR 
 
-2.6  
ORFB00533 
 
peptidase, C13 family  PF 
 
-2.6  
ORFB00426 
 
sulfatase family protein  UF 
 
-2.6  
ORFB01524 
 
thioredoxin family protein  UF 
 
-2.6  
ORFB01749 
 
ROK family protein  UF 
 
-2.6  
ORFB00420 thiD phosphomethylpyrimidine kinase  BCPC 2.7.4.7 -2.7  
ORFB01743 menD 
2-succinyl-6-hydroxy-2,4-cyclohexadiene-1-carboxylic acid synthase/2-oxoglutarate 
decarboxylase 
BCPC 4.1.1.71 -2.7  
ORFB01150 
 
peptide ABC transporter, permease/ATP-binding protein  CP 
 
-2.7  
ORFB01641 
 
lipoprotein, putative  CE 
 
-2.7  
ORFB02613 
 
lipoprotein, putative  CE 
 
-2.7  
ORFB01525 
 
lipoprotein, putative  CE 
 
-2.7  
ORFB02708 
 
transporter, outer membrane receptor (OMR) family  TBP 
 
-2.7  
ORFB01276 
 
glycosyl hydrolase, family 10  EM 
 
-2.8  
ORFB00001 
 
adhesin, homolog  UF 
 
-2.8  
ORFB02023 
 
RmuC domain protein  UF 
 
-2.8  
ORFB01411 ribE riboflavin synthase, alpha subunit  BCPC 2.5.1.9 -2.8  
ORFB01351 
 
DnaJ family protein  PF 
 
-2.8  
ORFB00313 groES chaperonin, 10 kDa  PF 
 
-2.8  
ORFB00519 
 
outer membrane efflux protein  TBP 
 
-2.8  
ORFB01253 
 
sensor histidine kinase  ST 
 
-2.8  
ORFB01111 cobJH precorrin-3B C17-methyltransferase/precorrin-8X methylmutase  BCPC 
2.1.1.131 
5.4.1.2 
-2.8  
ORFB00485 
 
cfxQ domain protein  UF 
 
-2.9  
ORFB00427 
 
sulfatase-activating enzyme, ChuR family  RF 
 
-2.9  
ORFB01470 
 
glycosyl transferase family protein  CE 
 
-2.9  
ORFB00507 
 
lipoprotein, putative  CE 
 
-2.9  
ORFB00719 lacZ beta-galactosidase  EM 3.2.1.23 -2.9  
ORFB00637 rprX sensor histidine kinase RprX  ST 
 
-2.9  
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ORFB02469 
 
Mg-chelatase subunits D/I family, ComM subfamily protein  CP 
 
-2.9  
ORFB01556 
 
ABC transporter, ATP-binding protein  TBP 
 
-2.9  
ORFB02320 
 
adenylate cyclase, putative  RF 4.6.1.1 -2.9  
ORFB01217 
 
DNA-binding protein, histone-like family DM 
 
-3.0  
ORFB01112 
 
transporter, outer membrane receptor (OMR) family  TBP 
 
-3.0  
ORFB01366 
 
MATE efflux protein, putative  CP 
 
-3.0  
ORFB02067 
 
outer membrane efflux protein  TBP 
 
-3.0  
ORFB00188 
 
divergent AAA domain protein  UF 
 
-3.0  
ORFB02523 
 
lipoprotein, putative  CE 
 
-3.0  
ORFB01748 
 
ROK family transcriptional repressor, with glucokinase domain  UF 2.7.1.2 -3.1  
ORFB02167 
 
lipoprotein, putative  CE 
 
-3.1  
ORFB00580 
 
MATE efflux protein, putative  CP 
 
-3.1  
ORFB00194 
 
cyclic nucleotide-binding domain protein  UF 
 
-3.2  
ORFB01332 
 
sensor histidine kinase  ST 
 
-3.2  
ORFB01523 
 
lipoprotein, putative  CE 
 
-3.2  
ORFB01744 menF menaquinone-specific isochorismate synthase BCPC 5.4.4.2 -3.2  
ORFB01308 
 
GLUG motif domain protein  UF 
 
-3.2  
ORFB01522 
 
peptidase, C13 (legumain) family  PF 3.4.22.34 -3.3  
ORFB01099 dcuB anaerobic C4-dicarboxylate membrane transporter DcuB  TBP 
 
-3.3  
ORFB01109 cobD cobalamin biosynthesis protein CobD  BCPC 
 
-3.4  
ORFB01745 
 
thioesterase family protein UF 
 
-3.4  
ORFB00182 
 
iron-sulfur cluster-binding protein  EM 
 
-3.6  
ORFB01627 
 
lipoprotein, putative  CE 
 
-3.7  
ORFB00702 
 
lipoprotein, putative  CE 
 
-3.8  
ORFB01110 cobQ cobyric acid synthase CobQ  BCPC 6.3.5.10 -3.8  
ORFB01152 
 
lipoprotein, putative  CE 
 
-4.0  
ORFB02354 
 
sugar transporter, fucose:hydrogen symporter (FHS) family  TBP 
 
-4.0  
ORFB01114 
 
transporter, outer membrane receptor (OMR) family  TBP 
 
-4.1  
ORFB02355 
 
fructokinase, putative  EM 2.7.1.4 -4.2  
ORFB01642 
 
receptor antigen RagA, putative CE 
 
-4.2  
ORFB01151 
 
membrane protein, putative  CE 
 
-4.3  
ORFB02926 
 
transcriptional regulator, LuxR family RF 
 
-4.6 -15.5 
ORFB00916 ssb single-strand binding protein  DM 
 
-5.3  
ORFB02352 
 
glycosyl hydrolase, family 32  EM 
 
-5.5  
ORFB02935 
 
transporter, outer membrane receptor (OMR) family TBP 
 
-5.6  
ORFB00915 
 
gliding motility protein GldE  CP 
 
-5.8  
ORFB02351 
 
lipoprotein, putative  CE 
 
-7.0  
ORFB00667 
 
RNA polymerase sigma-70 factor family protein  TR 
 
-7.5  
ORFB02350 
 
lipoprotein, putative  CE 
 
-8.0  
ORFB02894 cysK cysteine synthase A  AAB 2.5.1.47 -10.1 -17.5 
ORFB02893 
 
O-acetylhomoserine aminocarboxypropyltransferase/cysteine synthase family protein  AAB 2.5.1.49 -13.2 -31.4 
ORFB02934 
 
lipoprotein, putative CE 
 
-14.7  
ORFB02930 
 
lipoprotein, putatuve CE 
 
-17.1  
ORFB02929 
 
receptor antigen RagA, putative CE 
 
-18.7 -51.5 
a 
Fold change in normalized microarray signal intensity during growth on high ammonia versus low ammonia. 
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b
 AAB, Amino acid biosynthesis; BCPC, Biosynthesis of cofactors, prosthetic groups, and carriers; CE, Cell envelope; CP, Cellular processes; CIM, Central 
intermediary metabolism; DM, DNA metabolism; EM, Energy Metabolism; FP, Fatty acid and phospholipid metabolism; MEEF, Mobile and extrachromosomal 
element functions; PF, Protein fate; PS, Protein synthesis; PPNN, Purines, pyrimidines, nucleosides, and nucleotides; RF, Regulatory functions; ST, Signal 
transduction; TR, Transcription; TBP, Transport and binding proteins; UF, Unknown function. 
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